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PREFACE 


This report was prepared by the Douglas Aircraft Company , McDonnell Douglas 
Corporation under NASA Contract NAS2-8618 for a study of the "Cost/Benefit 
Tradeoffs for Reducing the Energy Consumption of the Commercial Air Trans- 
portation System.” The study, hereafter referred to as the RECAT Study 
(Reduced Energy for Commercial Air Transportation), was performed from 
November 5, 1974 to June 30, 1976. 

The NASA Technical Monitor for- the RECAT Study was Louis 0. Williams, 
Research Aircraft Technology Office, Ames Research Center, Moffett Field, 
California. 

The Douglas Study Team consisted of Emmett F. Kraus, responsible for 
Technical Analyses, assisted by Melvin A. Sousa, responsible for Turboprop 
Aircraft Analysis; and June C. Van Abkoude, responsible for Market and 
Economic Analyses, assisted by Clayton R. Sturdevant. 

Appreciation for their cooperation and contribution is extended to the 
RECAT Study co-contractors; Lockheed-California Company, United Airlines 
and United Technologies Research Center. Appreciation is also extended 
to the Hamilton Standard Division of United Technologies Corporation for 
assistance in preparation of propfan propulsion data. 
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SUMMARY 


The purpose of this study was to examine and compare the effectiveness and 
associated costs of operational and technical options for reducing the fuel 
consumption of the U.S. commercial airline fleet. The study examined the 
time period from 1973 to 1990, and was divided into three parts. 

Part I, the primary study, investigated the means for reducing the jet fuel 
consumption of the U.S. scheduled airlines in domestic passenger operations. 
Part II concentrated on the design and examination of two turboprop aircraft 
as possible fuel conserving derivatives of the DC-9-30. Part III extended 
the primary study in Part I to include the international operations of the 
U.S. scheduled carriers. 

The Part I domestic fleet study began with the selection of representative 
Douglas jet transports in the domestic fleet. For these baseline aircraft, 
consistent fuel use and cost statistics were determined for standard, high 
speed flight profiles. Next the effects of operational variations from the 
baseline flight profile were considered for each aircraft. These variations 
included alternative flight operations, involving both navigational and 
aircraft management procedures, as well as alternative ground operations. 

The operational procedures were further divided into those that could be 
implemented without a’ significant change in the current air traffic control 
(ATC) system, and those that would require ATC changes. 

Following the study of operational procedures, possible aircraft retrofit 
modifications for existing fleet aircraft were examined, including new 
engines, winglets, and general drag reduction items. More extensive 
production modifications for the DC-10 were also examined. These included 
winglets, general drag reduction items, and general weight reduction items 
including composite secondary structure. 

Next, derivative versions of in-production Douglas airplanes were considered. 
These included a DC-9 with an all new supercritical wing, stretched versions 
of the DC-9 and DC-10, and a shortened, twin-engine derivative of the DC-10. 

Finally, three families of new near-term domestic range aircraft were 
designed, based on 1976 technology with a 1980 target introduction date. 


The families were defined by their range and payload capability: 1,500 
nautical miles with 200 passengers; 3,000 nautical miles with 200 passengers; 
and 3,000 nautical miles with 400 passengers. Within each family, the 
airplanes were optimized for minimum direct operating cost (DOC) at three 
fuel prices of 15, 30, and 60 cents per gallon and for minimum fuel 

consumption. 

Examination of the possibilities for reducing fuel consumption by means 
of operational changes, retrofit and production modifications, derivative 
aircraft, and new near-term aircraft led to the specification of 46 aircraft 
operational and design options for consideration in the domestic market. 

The Part II turboprop study involved the examination of new Hamilton Standard 
propfans for the DC-9-30. Conventional wing-mounted engine locations were 
considered. Both the existing wing and an all new, high aspect ratio, 
supercritical wing were examined in conjunction with the turboprop. 

In Part III, the domestic study results were extended to the aircraft in 
the international fleets of U.S. air carriers. A total of 13 baseline 
aircraft were examined, including Douglas, Lockheed, and Boeing airplanes 
in the international fleet. Fuel characteristics for derivative versions 
of several in-production aircraft were estimated. 

Two families of new near-term international range aircraft were designed, 
again based on 1976 technology with a. 1980 target introduction date. The 
payload-range requirements were 200 passengers at 5,500 nautical miles 
and 400 passengers at 5,500 nautical miles. Optimum aircraft were derived 
in both families for minimum DOC at 30 and 60 cents per gallon and for 

minimum fuel use. 

In the domestic fleet, individual operational improvements offer seat-mile 
fuel savings of 4 to 13 percent over the baseline operation. Combinations 
of fuel -saving operations are possible in the far term which together give 
fuel savings as high as 30.5 percent. This high figure requires an advanced 
ATC system, an increase in average load factor from 58 to 65 percent, and 
high seating density. The near-term potential for fuel savings through 
operational improvements is approximately 6 percent, relative to the base- 
line operation, primarily due to reductions in cruise speed. 
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The fuel savings that result from study retrofit and production modifications 
range from 4 percent for DC-9 retrofits with aerodynamic improvements, to 
28 percent for the DC-8-20 Retrofit with a new turbofan engine and aerodynamic 
improvements. However, considering the limited number of DC-8 aircraft 
remaining in the fleet, aerodynamic modifications show more fleetwide 
potential for fuel savings than engine modifications. The overall near-term 
potential for fuel savings in the domestic fleet through design modifications 
is approximately 6 percent. 


The derivative aircraft designs studied in Part I and Part III use from 
3 to 28 percent less fuel per seat-mile than their baseline aircraft. The 
shortened DC-10-10 uses 3 percent less fuel per seat-mile than the baseline 
DC-10-10 and 19 percent less fuel per seat-mile than the baseline DC-8-61. 
The stretched DC-10-40 with aerodynamic and structural improvements uses 
28 percent less fuel per seat-mile than the baseline DC-10-40. 

The new near-term aircraft substantially reduce seat-mile fuel use, due to 
the incorporation of current technologies, higher design fuel prices, and 
larger seating capacities. The new aircraft are approximately 20 percent 
more fuel efficient than current narrow-body aircraft and 10 percent more 
fuel efficient than current wi de-body aircraft. 


The DC-9-30 derivative turboprops use 27 to 33 percent less fuel than the 
baseline DC-9-30 at the average stage length of 290 nautical miles. At 
53 percent load factor, the maximum range capability is increased up to 

73 percent. 


3 


INTRODUCTION 


In Autumn 1973, when jet fuel prices began to increase rapidly and fuel 
availability was restricted, attention was focused on the air transport 
industry's need to increase efficiency and conserve fuel. In response, the 
airlines made immediate adjustments in schedules and operations, and 
government and industrial organizations pursued efforts to identify the 
most effective means to reduce present and future transport fuel requirements. 

Preliminary studies indicated that changes in aircraft schedules and 
operations, together with the application of new technologies, could lead 
to possible fuel savings of over 50 percent (References 1-10). However, the 
solutions presented were often a mixture of near-term and far-term improve- 
ments, and the real costs and effectiveness of these fuel saving possibilities 
over time were unclear. 

In November 1974, the NASA Ames Research Center contracted with the Douglas 
Aircraft Company (DAC), Lockheed-Cal ifornia Company, United Airlines, and 
United Technologies Research Center to study the relative costs and benefits 
associated with near-term solutions for Reducing the Energy consumed by 
domestic Commercial Air Transportation (RECAT Study). The study was struc- 
tured to provide interaction between the contractors in order to determine 
realistic bounds for the domestic demand for jet fuel through 1990, as well 
as the costs associated with the operation of the alternative aircraft 
fleets leading to these bounds. 

During the course of the study, interest also developed in a specific examina- 
tion of advanced turboprop aircraft and also in the particular problems 
associated with fuel conservation in the international market. In November 
1975, the Douglas Aircraft Company was authorized to study DC -9 derivative 
turboprop-powered aircraft, and to conduct a preliminary investigation of 
fuel conservation for passenger aircraft on the international routes of U.S. 
carri ers . 

Volume 1, Sections 1 through 5, of this report describes the results of the 
technical analysis of the Douglas Aircraft Company domestic and international 
fleet study. Technical information on the DC-9 derivative turboprop designs 
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is presented in Volume 1, Section 6. The Economic and market analyses for 
the domestic and international fleet studies and for the advanced turboprop 
aircraft are discussed in Volume II. 

This report contains U.S. Customary Units. Table 1 gives conversions to 
International System (SI) Units. 


TABLE 1 

UNITS CONVERSION TABLE 


TO CONVERT 
LINEAR: 


MULTIPLY BY 


AREA: 


INCHES TO CENTIMETERS 
FEET TO METERS 

NAUTICAL MILES TO KILOMETERS 


2.54 

0.3048 

1.852 


INCHES 2 TO CENTIMETERS 2 

FEET 2 TO METERS 2 

NAUTICAL MILES 2 TO KILOMETERS 2 


6.452 

0.0929 

3.430 


VOLUME: 

INCHES 3 TO CENTIMETERS 
FEET 3 TO METERS 3 
GALLONS TO LITERS 
GALLONS TO METERS 3 


16.39 

0.0283 

3.785 

3.785 x 10 


-3 


i 


WEIGHT: 

POUNDS TO KILOGRAMS 


0.4536 



SECTION 1,0 


DOMESTIC FLEET BASELINE AIRCRAFT 

The domestic fleet study baseline year of 1973 was selected as representative 
of conditions before the energy crisis and the subsequent rapid rise of 
fuel prices. The study covers the period from 1973 to 1990. In the Douglas 
part of the RECAT Study, the domestic fleet of Douglas jet transports and 
the routes and passengers flown by Douglas jets were used to form the model 
for the overall U.S. fleet. 

1.1 Baseline Aircraft 

Passenger versions of Douglas turbojet and turbofan commercial transports 
used in the domestic fleet were chosen as baseline aircraft. These include 
aircraft from the following families: DC-8-20, DC-8-50, DC-8-60, DC-9-10, 

DC-9-30, DC-10-10, and DC-10-40. Figures 1 through 3 trace the genealogy 
of the DC-8, DC-9 and DC-10 aircraft. The total number of these aircraft 
in the fleets of domestic trunk and local service carriers, as of June 1974, 
is shown in Table 2 along with their average flight time and annual fuel 
use. Each aircraft family is comprised of several models. The most common 
model in domestic passenger service was chosen as the baseline aircraft for 
each family. The study baseline models and their characteristics are given 
in Table 3. The general characteristics of the airplanes are based on 
actual delivered aircraft. Weight adjustments were included to reflect both 
changes after delivery, as well as the new baseline interiors. The assump- 
tions made in determining the baseline direct operating costs are given in 
Table 4. A more complete presentation of costs is presented in Volume II. 

"he technical ground rules and baseline flight operations profile for the 
study are given in Fable 5 and Figure 4, respectively. These baseline 
operations were selected as representative of minimum DOC operations used 
by domestic carriers prior to the 1973 fuel price increases. Figures 5 
through 10 show overall airplane dimensions; and interior arrangements are 
shown in Figures 11 through 16. The interiors shown do not directly 
correspond to current domestic airline interiors because of the seating 
density ground rules. The study interior arrangements are dual class interiors 
with approximately 10 percent first class seating and 90 percent coach seating. 
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Seat pitch is 38 inches for first class and 34 inches for coach. The aircraft 
in domestic commercial passenger service actually have fewer seats because 
of larger first class sections and/or larger seat pitch distances. 

The 10/90 split between first class and coach seats and the 38/34-inch seat 
pitch standard were intended to allow comparison of aircraft using consistent 
cabin seating densities. Even so, exact comparisons between aircraft 
families are clouded because different seat widths and passenger conveniences, 
as shown in Table 6, imply different utilization of aircraft interior space. 
Consequently, the effects of scale and technology differences between air- 
craft families still remain slightly obscured. 

Payload-range capabilities for the baseline airplanes, flying the baseline 
domestic flight profiles, are given in Figure 17. Tables 7 through 13 
present fuel use parameters for the baseline airplanes at several ranges. 

Figure 18 shows the comparison of available seat-nautical miles per gallon 
for the baseline airplanes. 

Tables 7 through 13 and the curves of Figure 18 are based on engineering 
handbook performance data. Consequently, they are representative of new 
aircraft on the idealized flight profile of Figure 4 in zero wind conditions. 
In practice, airlines actually experience greater air hold and ground delay 
times, clearances to non-optimum altitudes, winds, high temperatures, engine 
and airframe performance deterioration, and excess fuel loads. These factors, 
together with lower seating densities, lead to lower actual seat-mile fuel 
efficiency than indicated by handbook data. Fuel consumption reported by 
the airlines to the Civil Aeronautics Board (CAB), and published in 
Reference 11, is given for comparison in Figure 18 at the 1973 CAB average 
stage length for each aircraft. Actual aircraft fuel efficiency, in terms 
of seat-nautical miles per gallon, is a weighted average of 30.2 percent below 
the values derived for ideal conditions at the CAB average stage lengths. 

The weighted average is based on the CAB efficiency levels relative to 
ideal, given in Figure 18, and the annual fuel consumption for each aircraft, 

given in Table 2. 
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DC JETS IN U.S. DOMESTIC PASSENGER SERVICE 
JUNE 1974 
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BASELINE AIRCRAFT CHARACTERISTICS 
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*9 

1 
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tk 

3 

JT9D-20 

49,400 

252 

.85 

5,020 

5,560 

670 

12,340 

132 

3,647 

165.3 

555.000 

403.000 
319,770 
270,910 

29,200 

36,522 

0.161 

1.846 

DC-10-10 

3 

CF6-6D 

40,100 

277* 

.85 

3,410 

3,880 

870 

8,840 

121 

3,550 

155.3 

430,000 

163,500 

285,870 

237,240 

32,200 

21,763 

0.125 

1.403 

DC-9-32 

2 

JT8D-7 
14,000 
92 
.BO 
1,220 
1,310 
290 
5,530 
111 
1,001 
93.4 
108,000 
99. DOS 
74,090 
57,900 
10,600 
3.679 

0.184 

2.309 

DC-9-15 

2 

0T80-7 
14,000 
70 
.80 
1,360 
1 ,420 
300 
6,480 
116 
934 
89.4 

90.700 

81.700 
63,390 
49, 8*0 

8,200 

3,679 

0.225 

2.803 

DC-8-61 

4 

JT3D-3B 

18,000 

203 

.82 

3,260 

3,560 

800 

10,480 

128 

2,864 

142.4 

325,000 

240,008 

192,230 

156,100 

23,600 

17,900 

0.144 

1.495 

DC-8-52 

4 

JT3D-3B 

18,000 

146 

.82 

4,200 

4,800 

731 

8,940 

120 

2,881 

142.4 

300.000 

202.000 
167,830 
138,430 

17,000 

17,900 

0.185 

1.961 

CM 

1 

00 

1 

8 

4 

JT4A-9 

16,800 

146 

.83 

2,670 

3,060 

862 

6,050 

121 

2,773 

142.4 

276.000 

193.000 
171,300 
137,900 

17,000 

17,550 

0.224 

2.029 

AIRCRAFT MODEL 

s lltig'IIllIIIM 3 ! -1 

UJ U! 

4/3 GO <3 

is * 

O O O 

>- M 

Q Q < < 

uj uj a 

a; uj uj me 

o Q- ft- Q 

40 CO H 40 - 

m to a. x 

“•55- £ 5 

* M M H —1 I 

? *. *. 5 S s a 

Sg ? e s * * 

k* * * * " * K sS - 

« K U. li. Z • m O 

— J UJ H- _J Q 9— K UJ 

« M § § i ", 5 S 3“ I 

is m i _t _j j ui -j m uj 

tiiisjll ss-sl 

cof-JJf— 9— 40 «o x *-• £• 7 o 

ac • uj m* Q 9- 1 1 m S co 31 k 

at 3= • 40 uu < _ ^ ^ ^ 9-2 ni 

UJ »— (/)•-• d U. u. 4| 3 >- 40 m r** 

* ^ a i i 1 III i 1 f H § if ^ 

1 1 £ [ i i 1 1 i M 1 ^ 

o V a M r-xQ.*»x>j3uj3uJ ft 

uj *-7<sszC(ootou-u. 


13 


original page is 
w poor quality 


tomr 8*1 l«y 













ORIGINAL PAGE IS 
OF POOR QUALITY 



•Low 6*1 ley 









TABLE 4 


DIRECT OPERATING COST ASSUMPTIONS 

• ALL COSTS AND PRICES IN 1973 DOLLARS 
t MODIFIED 1967 ATA DOC EQUATIONS 

• CREW COSTS - 1967 ATA EQUATION ESCALATED AT 6% PER YEAR 

• FUEL PRICES - 15tf, 30<t , AND 60<t PER GALLON 

• INSURANCE RATE - 1% 

• DEPRECIATION - 16 YEARS, 10% RESIDUAL 

• SPARES - 15% TOTAL FLYAWAY COST 

• LABOR RATE - $6.10 PER HOUR 
e DAC LATEST MAINTENANCE DATA 

• MAINTENANCE BURDEN - 1 .8 x DIRECT AIRFRAME AND ENGINE LABOR COST 


TABLE 5 

TECHNICAL GROUND RULES 


SEATING DENSITY: 

10/90 SPLIT WITH 38734" PITCH 
8 ABREAST ON BASELINE DC-10 

LOAD FACTOR: 

58% FOR FUEL USE COMPARISONS 
100% FOR NEW AIRPLANE SIZING 

PAYLOAD: 

NO CARGO CARRIED IN FUEL USE COMPARISONS 
200 LB/(PSGR & BAGS) IN FUEL USE COMPARISONS 

GALLEY LOCATION: 

LOWER DECK, WHERE FEASIBLE 

TOTAL MANEUVER TIME: 

15 MINUTES 

FUEL ONBOARD: 

MISSION FUEL ONLY (INCLUDES RESERVES) 
DENSITY =6.8 LBM/GALLON 
HEAT CONTENT = 18,600 BTU/LBM 


14 





15 


FIGURE 4. BASELINE MISSION PROFILE - DOMESTIC 
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FIGURE 6. DC-8-61 GENERAL AIRPLANE DIMENSIONS . 
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FIGURE 10. DC-10-40 GENERAL AIRPLANE DIMENSIONS 
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FIGURE 12. DC-8-61 BASELINE INTERIOR ARRANGEMENT 
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FIGURE 14. PC-9-30 BASELINE INTERIOR ARRANGEMENT 


277 PASSENGERS 
CLASS — LOWER GALLEY 



FIGURE 15. DC-10-10 BASELINE INTERIOR ARRANGEMENT 
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FIGURE 16. DC-10-40 BASELINE INTERIOR ARRANGEMENT 


TABLE 6 

PASSENGER CONVENIENCE DATA 

Baseline Aircraft 
10/90 Split, 387 34" Seat Pitch 





FIGURE 17. BASELINE AIRCRAFT PAYLOAD-RANGE COMPARISON 





DC-8-50 BASELINE FLIGHT PROFILE DATA 
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(1) FROM DAC PERFORMANCE DATA FOR BASELINE FLIGHT PROFILES, LOAD FACTOR = 58.0% 

(2) TOTAL NUMBER OF SEATS = 146, FUEL DENSITY = 6.8 LB/GALLON 



DC-8-61 BASELINE FLIGHT PROFILE DATA 
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AC PERFORMANCE DATA FOR BASELINE FLIGHT PROFILES, LOAD FACTOR 
NUMBER OF SEATS = 203 , FUEL DENSITY = 6.8 LB/GALLON 






DC-9-10 BASELINE FLIGHT PROFILE DATA 























• CURVES REPRESENT DAC PERFORMANCE DATA FOR IDEAL CONDITIONS 

• POINTS REPRESENT CAB AVERAGE FUEL USE DATA AT 1973 CAB AVERAGE RANGE 



FIGURE 18. BASELINE AIRCRAFT FUEL EFFICIENCY COMPARISON 
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SECTION 2.0 

ALTERNATIVE OPERATING PROCEDURES 

Fuel -conservative operating procedures are the most effective means of 
immediately saving fuel. In this report, operations cover the total range 
of activity from the preliminary flight planning to the engine shutdown 
at the destination, and even include airline policy items such as average 
load factor and seating density. These operational variations were divided 
into two categories, flight operations and airline operations. Flight 
operations include aircraft climb and descent profiles, cruise profiles, 
navigational procedures, and maneuvers and delays. Airline operations 
include control over load factor, seating density, maintenance standards, 
and center of gravity location. 

2.1 Flight Operations 

2.1.1 Climb and Descent Profiles 

The relationships between high-speed and long-range climb and descent 
profiles are shown in Figure 19. Long-range climb refers to a climb 
profile that gets to cruise altitude sooner (in terms of both time and 
distance), thereby allowing the longest cruise distance at the chosen 
cruise altitude. The long-range climb profile will result in an overall 
longer range flight for a given fuel weight than the high-speed climb, even 
though the long-range climb covers less distance during the climb itself 
(90 nautical miles versus 100 nautical miles). This result is due to the 
fact that an aircraft following the high-speed climb profile spends a 
greater amount of time at lower altitudes where aircraft fuel efficiency 

deteriorates rapidly. 

For shortest overall flight time, the high-speed climb and descent profiles 
are used. This may again appear anomalous, since the actual time- to climb 
is greater for the high-speed climb. However, the greater ground distance 
travelled in climb results in a net time saving. The descent times in this 
case are equal for the two profiles due to the cabin descent rate limit of 
300 feet per minute. With this single exception, the concepts explained 
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for the climb profiles apply equally to descent profiles. 

When cabin descent rate limits permit, use of flight idle during descent 
saves fuel, but may result in high fuselage angles for same aircraft types 
at high altitudes. 



Figure 19. LONG-RANGE AND HIGH-SPEED CLIMB AND DESCENT SCHEDULES 


2.1.2 Cruise Altitude 

Cruise at optimum flight altitude is essential for maximum fuel economy. The 
optimum altitude increases as the aircraft becomes lighter, which means that 
to maintain optimum altitude the aircraft must climb as it cruises. Current 
ATC procedures do not permit cruise climb, therefore a step climb Is used. 
Depending on the aircraft, flight weight, and Mach number, flying at an 
altitude 4,000 feet below the optimum (as well as above in the case of the 
DC-8 or DC-10) results in an increase of approximately 2 to 8 percent in 
the fuel required far a given range. Under current ATC procedures climb 


39 



/ 


steps of 4,000 feet in cruise altitude are used to stay as close to the 
optimum cruise altitude as possible. Airway congestion may limit this, 
particularly in international operations, where flight level flexibility is 
extremely limited. If closer flight level spacing were available, steps 
of 2,000 feet could be used. These smaller steps very closely approximate 
cruise climb in fuel efficiency. 

For the DC-9, the highest attainable altitude results in the minimum fuel 
use. However, the altitude could be limited by any of three factors: short 

stage lengths where climb and descent comprise the total trip distance, 
cruise thrust limitations, or the 35,000 foot operational altitude limit. 
Furthermore, operators prefer to avoid flight levels for which the maximum 
rate of climb is less than 500 feet per minute. A typical short range 
operation for the DC-9 involves high speed climb to 15,000 feet, high-speed 
cruise at constant altitude, and high speed descent. The best efficiency 
profile for short range is the "spike" profile, where the aircraft climbs 
and descends at long range speeds with no cruise portion. At 290 nautical 
miles, the spike profile saves 20 percent of the fuel used by the high speed 
15,000 foot profile. The cost in time is only 4 minutes. 

2.1.3 Cruise Speed 

Cruise Mach number has a significant effect on cruise fuel efficiency. 

Maximum fuel mileage is attained at the peak of the published specific range 
curves. This maximum efficiency point frequently occurs at very low Mach 
numbers (0.72 M for a DC10-10 at 25,000 feet and 400,000 pounds flight 
weight). Long-range cruise is defined at any altitude and flight weight 
as the speed corresponding to 99 percent maximum nautical miles per pound. 

This definition is used because at slower speeds, jet transports become 
speed unstable due to engine-airframe matching characteristics. The large 
throttle adjustments, required at lower Mach numbers to maintain steady speed, 
largely offset any potential gains in fuel economy. 

Two other drawbacks of slower speeds are increased operating costs due to 
longer block times and increased penalties due to headwinds. The effect of 
headwinds on a DC-1 0-1 0 operating at 320,000 pounds average flight weight on 
a 2,000 nautical mile cruise leg at 30,000 feet is shown in Figure 20. 
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Horizontal lines represent the additional range capability gained by slowing 
from 0.85M to the noted Mach number. The curved lines show the additional 
miles that must be flown as a result of the effect of the headwind at each 
Mach number. The difference between the curves and the horizontal lines 
represents the actual benefit of the speed reduction. For very high head- 
winds, it is more economical to increase cruise speed in order to reduce the 
time of exposure to the headwind. 

Tailwinds do not balance the headwind effect. At 0.3ZM at 30,000 feet a 
40 knot tailwind gives back only about 85 percent as much fuel for a given 
cruise distance as a 40 knot headwind takes, because tailwind exposure time 
is less than headwind exposure time. Furthermore, not all winds are pure 
headwind or tailwind, and only quartering or pure tailwinds provide a net 
cruise benefit. Thus, only about 25 percent of the winds provide any fuel 
benefit at all in a random wind environment. In this study, still air was 
assumed. Consequently, the fuel-saving benefits shown in this study for 
reduced speed will be decreased in practice by the effect of the wind. 

2.1,4 Navigation 

Aircraft generally navigate along prescribed routes derived from ground base 
navigation stations such as V0R stations. Due to the locations of these 
stations, an aircraft may fly a nondirect route from origin to destination. 
Area navigation (RNAV) has been proposed as a means to reduce this nondirect 
routing in an advanced ATC system. 

Area navigation is an onboard sensing and calculation system that operates 
upon radio signals from V0R-DME stations or other ground based navigational 
equipment. From these signals the current position of the aircraft is 
determined and further calculations allow the aircraft to fly along a direct 
route between two city pairs. Three-dimensional RNAV offers the increased 
possibility for direct vertical guidance during climb and descent maneuvers. 
Four-dimensional RNAV (4-D RNAV) adds the capability of scheduling the 
aircraft location precisely with time. This would permit timing the entire 
flight, from engine startup to shutdown, in order to schedule departure and 

arrival times to minimize delays. 
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2.1.5 Holding 

Whenever possible, holding should be carried out with the aircraft in a clean 
configuration and at the highest possible altitude. When terminal delays are 
expected at the destination, the linear hold technique can be used if ATC 
permits. This involves reducing the cruise speed to absorb as much of the 
delay as possible enroute. One benefit of linear holding is that cruise 
speeds can be reduced to closely approximate long-range cruise. Another 
benefit results from eliminating or reducing time spent in a racetrack hold 
pattern. Maneuver requirements in the racetrack pattern increase fuel flow 
about 4 percent. 

If significant congestion is anticipated at the destination airport, delays 
can be minimized by holding aircraft at the departure gate. The Federal 
Aviation Agency (FAA) has estimated that 658,000 gallons of jet fuel were 
saved on January 7, 1976 by holding aircraft at the originating airport 
until they could be assured of being accepted at Chicago's O' Hare Inter- 
national Airport. High winds at O'Hare had seriously reduced the airport’s 
traffic-handling capacity that day. As a result of the success of this 
one-day test, this procedure is being refined for regular operational use. 

2.1.6 Reserves, Contingencies, and Tankering 

Airlines carry more fuel than required for the basic mission for several 
reasons. Fuel reserves are carried to assure that there is enough fuel to 
reach an alternate airport in the event that the destination airport is 
closed. Aside from a careful choice of alternates, and possibly adopting the 
technique of planning to reclear to the alternate enroute, regulations make 
it difficult to reduce fuel reserves. Airlines also carry contingency fuel, 
at the discretion of the pilot, in cases where extremely poor weather or 
other problems are anticipated. Fuel is tankered whenever local prices make 
this advantageous or when availability is a problem at certain locations. 

Minimizing the amount of excess fuel carried is one of the most important 
items for overall fuel savings. Carrying extra fuel increases aircraft 
weight, which requires higher engine thrust and, hence, increases fuel use. 
For example, a DC-10 on a 2,000 nautical mile trio at 30,000 feet and 0.82M 
will consume 10 percent of any surplus fuel carried to the destination. At 
5,000 nautical miles, 34 percent of the surplus fuel is consumed. 
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2.2 Airline Operations 

2.2.1 Seating Density and Load Factor 

Seat-mile fuel economy can be improved by adding more seats and by filling 
more seats. However, airlines must watch their competitive position. Smaller, 
closer seats are less comfortable; and higher average load factors imply 
fewer available flights, sometimes resulting in the turning away of potentia 
passengers at peak times. Both effects can seriously reduce passenger appeal 

if taken to an extreme. 

2.2.2 Maintenance 

Engine, airframe, and instrument maintenance standards can affect overa 
aircraft efficiency. Recent studies show that more intensive engine main- 
tenance procedures can reduce the deterioration that causes SFC to rise wl 

time, and additional work in this area has been re “" ende ^ (Ref 7;;;;^ erances 
and 131. In the RECAT study it was estimated that maintaining closer tolerances 

on engine performance could lead to a 0.3 percent improvement in SFC for 
narrow-body aircraft and a 1 percent improvement for wide-body aircraft. 

Aircraft skin damage increases drag. In a recent audit of aircraft condition, 
one aircraft was found to have 170 dents caused by ground vehicles. Improper- 
ly rigged spoilers, ailerons and flaps can increase drag 5 to 10 percent. 
Machmeter, altimeter, and fuel flow instrument errors can adversely affect 
fuel economy. They can also improve economy, depending on direction o 
error. Consequently, in this study the overall fleetwide effect of instrument 

error was assumed to be negligible. 

Aircraft^center of gravity (CG) location has a small but noticeable effect 
on drag. From a fuel efficiency standpoint, it is better to load the airplane 
toward the aft CG limit because the down force required on tne horizontal 
stabilizer to maintain trim is reduced, which reduces the overall airplane 
drag. Most airlines have a target CG location as far aft as possible. How- 
ever, tight scheduling of passenger and baggage loading often makes it 
difficult to meet the target CG. It is uneconomical to delay the flight or 
to rearrange baggage in order to achieve the target CG. The RECAT stu y 


44 


airline contractor felt that the target CG could be moved aft another 
1/2 to 1 percent if stricter discipline were used in loading. This could 
result in an average 0.1 percent reduction in fuel use. 

2.2.4 Flight Planning 

By careful selection of alternate airports closer to the destination, reserve 
fuel carried can be reduced. On long distance flights, another useful 
technique is reclearing to the alternate destination while enroute. Many 
airlines use computer-assisted flight planning techniques which permit 
examination of alternate routes and altitudes to take advantage of wind and 
temperature conditions. 

2.2.5 Ground Maneuver and Delays 

Large amounts of fuel can be consumed by extended ground circuits and delays 
at the takeoff point due to congestion. One airline has reported that one of 
its wi de-body aircraft was number 46 in line for takeoff on a congested day 
at JFK Airport and burned 2,800 pounds of fuel from startup to start of 
takeoff. 

Some airlines have experimented with shutting down one or several engines 
during taxi operations, but fuel savings were insignificant in most cases. 
Also, several operational problems were encountered, including increased 
jet blast and increased foreign body ingestion caused by the higher thrust of 
the engines in use, interruption of starting drills, additional pilot work- 
load, need for fire protection during startup, increased problems if an engine 
fails to start, and the need for engine warm-up. 

Tugs and powered wheels have been studied as fuel saving possibilities 
(References 14 and 15); but these solutions are cumbersome, add complexity, 
and are uneconomical because of the very slow ground movement speeds that 
result. 

Careful scheduling and flight planning can minimize ground maneuver and 
delay time. The most effective way to reduce fuel consumed by departure 
delays is to hold the aircraft at the gate until a departure can be made 
without waiting at the takeoff point. Ground delays at the destination 
can be reduced by some of the holding methods described in Section 2.1.5. 
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2.2.6 Takeoff and Landing 

Use of reduced flap settings and thrust settings can reduce takeoff fuel. 

When noise abatement is not a factor, flaps and slats should be retracted 
as soon as possible after passing 800 feet and clear of obstacles. On 
approach, the maneuvering configuration should be maintained until intercepting 
the gli depath. By delaying application of landing flap to 1,000 feet instead 
of 1,500 feet, additional fuel can be saved. Where runway and weather 
conditions permit, it is better to use reduced flap settings for fuel economy. 

2.3 Operating Procedures Selected for Study 

The study flight and airline operational variations are compared to the 
baseline operations in Table 14. Some alternative flight operations, such 
as cruise climb and 4-D RNAV require an advanced ATC system for their 
implementation. 

The effect of 4-D RNAV in an advanced ATC environment is twofold: 1) it 

permits an average 1/2 percent reduction in flight distance due to direct 
routing, and 2) it allows precise departure and enroute scheduling, which is 
credited with an average 5 minute reduction in delay and maneuver time. 

The effect of fuel -conservative flight profiles, relative to the baseline 
flight profile, is given in Table 15. The fuel-conservative profile in the 
current ATC system includes long-range operations in climb, cruise and 
descent. For an advanced ATC system, the fuel -conservative profile also 
includes cruise climb or 2,000 foot steps and use of 4-D RNAV. 

Fuel -conservative operations in the current ATC system reduce fuel use by 
about 4 to 8 percent, depending on the aircraft. Block fuel savings are 
substantially improved by upgrading the ATC system, becoming 8 to 11 percent. 

An additional benefit of advanced ATC is the reduction in DOC's. With the 
current ATC system, fuel-saving flight profiles result in lower speeds which 
increase block time and DOC's. The assumed delay time reduction in the 
advanced ATC system reduces overall block time and, together with fuel savings, 
decreases DOC's. 

In order to assess the possibility of additional fuel savings beyond those 
shown in Table 15 for fuel -conservative flight profiles with advanced ATC, 
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OPERATIONAL VARIATIONS 
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C.G. LOCATION TARGET C.G. APPROXIMATELY MOVE C.G. AFT 1% MOVE C.G. AFT 1% 

1-3% FORWARD OF MOST AFT 
C.G. LOCATION POSSIBLE(B) 











































TABLE 15 

EFFECT OF FUEL-CONSERVATIVE FLIGHT OPERATIONS 
ON BLOCK FUEL AND DOC 
AT 1973 CAB AVERAGE STAGE LENGTH 
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(1) INCLUDES LONG RANGE CLIMB AND DESCENT, 4000 ‘ STEP ALTITUDE CRUISE 0 99% MAX NM/LB 

(2) INCLUDES LONG RANGE CLIMB AND DESCENT, CRUISE CLIMB @ 99% MAX NM/LB, 33% (5 MIN.) REDUCTION IN DELAY 
AND MANEUVER TIME, 4-D RNAV . 
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an idealized mission profile was studied for the DC-10. The idealized 
profile involved calculation of the energy required to lift the aircraft to 
altitude, accelerate it to long-range cruise speed, cruise climb, and 
descend at flight idle. Power plant efficiency and aircraft drag were 
taken into consideration. The fuel use for the idealized profile was only 
2 percent less than for the fuel -conservative operations with advanced ATC 
shown in Table 15. It is clear, then, that fuel -conservative flight profiles 
with advanced ATC permit nearly optimum fuel efficiency, and that the ATC 
system should be upgraded to take advantage of the existing aircraft 
capability to conserve fuel. 

Seating density changes were made by removing the first class sections of 
the baseline configurations and converting to all coach interiors at 34-inch 
seat pitch. To show the effect of even higher density seating arrangements, 
the DC-10-40 interior was also changed from 8 to 9 abreast. Table 16 shows 
the baseline and high density seating capacities for the study baseline 
airplanes. 

The effects of increased seating density are given in Table 17 at the 
1973 CAB average stage length for each aircraft. Fuel use per scat-mile is 
reduced 7 to 13 percent, depending on the aircraft. The large difference 
between the DC-10-10 and DC-10-40 effects is due to the differences in both 
baseline and high density interiors. 


TABLE 16 

BASELINE AND HIGH DENSITY SEATING CAPACITIES 


Aircraft 

Baseline (10/90 split) 

High Density (all coach) 

DC-8-20 

146 

159 

DC-8-50 

146 

159 

DC-8-61 

203 

218 

DC-9-10 

70 

77 

DC-9-30 

92 

105 

DC-1 0-1 0^ 1 ^ 

277 

293 

DC- 10-40 

252 



295^ 




(1) lower galley, (2) 9-abreast 
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TABLE 17 

EFFECT OF FUEL-CONSERVATIVE AIRLINE OPERATIONS 
ON BLOCK FUEL AND DOC 
AT 1973 CAB AVERAGE STAGE LENGTH 



5 ' 


(1) CHANGE 10/90 SPLIT TO ALL TOURIST @ 34" PITCH (ON DC-10-40, ALSO CHANGE SEATS FROM 8 TO 9 ABREAST) 

(2) INCREASE LOAD FACTOR FROM 58% TO 65% 




The increased load factor of 65 percent, shown for fuel-conservative airline 
operations in Table 14, is close to the maximum average value that can be 
maintained on a fleetwide basis without leaving a significant number of 
passengers behind in peak travel periods. The effects of increasing load 
factor from 58 to 65 percent are shown in Table 17. The energy per passenger 
carried is reduced approximately 9 to 11 percent. The variation between 
aircraft is due mostly to differences in baseline configurations. Operating 
costs on a passenger-mile basis are improved about 10 to 12 percent. 

Since improvements in both maintenance standards and CG location result 
in fuel savings, these items were included in Table 14. The objective of 
improved maintenance standards is to maintain aircraft efficiency closer 
to new aircraft levels. No fuel saving benefit for improved maintenance is 
taken relative to baseline levels in this study, however, because the 
baseline fuel consumption levels are representative of aircraft in new 
condition. In addition, due to the difficulty in achieving a more stringent 
target aft CG location, and the small potential benefits (Section 2.2.3), no 
fuel saving credit is taken in this study for more aft loading. 

Figure 21 summarizes the results of the fuel -conservative operations study. 
Fuel-saving operational options could be combined to give even greater savings. 
For example, relative to the baseline operation, the DC-10-40 shows an 
11.1 percent improvement in fuel consumption for fuel-conservative flight 
profiles in an advanced ATC system and a 13.1 percent improvement for 9-abreast, 
all coach seating. Together, these options would give a fuel saving of 22.7 
percent. The percentages combine as follows: 1-(1-.111}(1-.131) = .227. 

If these improvements are combined with the 10.1 percent fuel reduction for 
increased load factor, the overall fuel saving is 30.5 percent. However, high 
seating density and high load factors together lead to reduced passenger appeal. 
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300 NM 



FIGURE 21. FUEL SAVED BY FUEL-CONSERVATIVE OPERATIONS 
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SECTION 3.0 
TECHNOLOGY 


3.1 Advanced Technology 

Technology, as applied to commercial aircraft, tends to be more of an 
evolutionary process than revolutionary. Aircraft designed in a particular 
time period contain the proven technology of that period, with derivative 
aircraft incorporating new technology as it becomes available and is cost- 
effective. In recent years dramatic developments have been made in systems 
technology, transonic aerodynamics and new materials. A brief description 
of the technology advances considered viable for retrofit of existing air- 
craft, for derivatives of in-production aircraft, or for new aircraft 
available in the 1980 tine period are given in this section. 

3.1.1 Improved Transonic Airfoils 

Improved transonic, or supercritical, airfoils have been in development for 
several years. This class of airfoil was originally developed by Dr. Richard 
T. Whitcomb of the NASA Langley Research Center. Extensive wind tunnel and 
theoretical research has been conducted in many countries in universities, 
industry, and national laboratories, and several aircraft have been flown 
using supercritical airfoils. Figure 22 shows that supercritical airfoils 
can offer a substantially higher drag divergence Mach number for a given 
airfoil thickness, an excellent structural shape, and high maximum lift 
coefficient. 

Figure 23 compares the pressure distribution of a supercritical airfoil with 
that of an airfoil in use on a modern transport. Relative shapes are also 
shown. An important characteristic of supercritical airfoils is the higher 
loading towards the trailing edge due to aft camber. With greater load 
carried over the aft portion, the pressure coefficient is reduced at and aft 
of the airfoil crest. The crest is the point on the upper surface tangent 
to the freestream. Lowering the negative pressure coefficient at and aft 
of the crest raises the drag divergence Mach number. 

Another significant characteristic of the airfoil, from which it derives its 
name “supercritical", is its flat upper surface which allows the shock to 
move back rapidly on the chord resulting in a larger chordwise extent of 
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AIRFOIL THICKNESS/CHORD RATIO (PERCENT) 
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supercritical flow than that exhibited on present-day airfoils (Figure 24). 

It is important to note that the maximum velocities on this type of airfoil 
are no higher than those of conventional airfoils; only the extent of the 
supercritical region differs. This large supercritical region results in a 
significantly improved L/D since much more lift is generated for a given 
shock loss. The third characteristic of the transonic airfoil is the tangency 
of the upper and lower surfaces at the trailing edge, which eliminates the 
large pressure increase normally found on an airfoil and permits the higher 
adverse pressure gradient required by the aft loading, without causing 
separation on the upper surface of the wing. The upper surface is relatively 
flat through the midsection of the airfoil and the lower surface is cusped 
just ahead of the trailing edge. This shape gives slightly greater front 
spar depth and somewhat lower rear spar depth for a given overall airfoil 
thickness . 

A disadvantage of the airfoil is the difficulty of constructing a section 
with a tangent upper and lower surface at the trailing edge. This requires 
a very thin section. It appears, however, that modern structural technology 
can handle this problem with honeycomb techniques. 

Although the characteristics of the supercritical airfoil can be used to 
increase either speed or lift capability, these characteristics can also be 
used to increase thickness and aspect ratio, and reduce sweep. The optimum 
configuration for any wing design is determined by analyzing various 
combinations of thickness and sweep. Important benefits can be obtained by 
using supercritical airfoils. The DC-9-30D3 aircraft, described in Section 
4.0, derives nearly a 5 percent fuel saving from its supercritical wing, 
and a small reduction in operating costs is obtained at higher fuel prices. 

3.1.2 Winglet Drag Reduction 

Recent NASA research and wind tunnel work has shown potential aerodynamic 
performance improvements for specially tailored and cambered wing end plates, 
commonly referred to as winglets. Winglets are capable of providing induced 
drag reductions, and corresponding airplane performance improvements, which 
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FIGURE 23. COMPARISON OF 2-D AIRFOIL SECTION CHARACTERISTICS 



PERCENT CHORD 

FIGURE 24. LOCAL MACH NUMBER ON UPPER SURFACE AT CRUISE CONDITIONS 





are greater than the performance penalties resulting from weight and parasite 
drag increases. 

NASA and Douglas work to date indicates that the induced drag improvement 
is a function of winglet root loading. Primary design parameters controlling 
wing let loading include winglet span and winglet spanwise airfoil distribution, 
incidence angle, dihedral angle, chord and sweep. Of secondary importance 
are winglet taper ratio and geometric twist. 

Since the maximum induced drag improvement for a winglet occurs when the 
winglet root is highly loaded, winglet geometry optimization requires a 
tradeoff between winglet loading and structural considerations for a given 
level of induced drag reduction. A measure of the additional wing bending 
material required to accommodate winglets (i.e., a "weight index ) can be 
obtained from an integration of a weight parameter that is a function of both 
wing bending moment and airfoil thickness. A typical winglet performance 
summary is presented in Figure 25, which shows induced drag reduction and 
weight as a function of airplane lift coefficient and winglet incidence, 
for a given winglet dihedral. The root normal force coefficient on the 
winglet, which is indicative of the extent to which the winglet will maintain 
attached flow, is also shown. A summary of this type provides a measure of 
the weight penalty imposed for a given induced drag reduction at a specified 
level of winglet root loading. 

3.1.3 Active Controls 

Reductions in tail size and in gust and maneuver loads, and gains in the 
control of flutter have become possible by using active control systems. 
Reduced static stability (RSS) systems sense flight path perturbations and 
quickly actuate the proper control surface correction; and the smaller tails 
used with RSS result in lower drag, weight, fuel consumed and cost. Gust 
and maneuver load alleviation (GLA and MLA) extend fatigue life and decrease 
structural design loads and structural weight. Flutter control reduces wing 
stiffness requirements, and thus weight, to a level consistent with that 
required by strength. 
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3.1.4 Advanced Material Applications 

Aircraft design improvements are rapidly evolving within structures 
technology through the application of high-modulus fibrous composites and 
advanced metallic materials. 

Composite structure studies conducted by Douglas and other aircraft manu- 
facturers have made it possible to apply composite technologies in the 
fabrication of commercial aircraft. The studies show that the use of high- 
modulus, low density fibrous composites, such as boron-epoxy, boron-aluminum, 
and graphite-epoxy, provides the flexibility to tailor the structural design 
more efficiently than with conventional materials, resulting in a substantial 
reduction in airplane weight, manufacturing cost, and airplane fuel consump- 
tion. 

Recently, NASA contracted with Douglas to fabricate, and place into service, 
graphite-epoxy rudders for the DC-10. The structural arrangement is shown 
in Figure 26. Utilizing the technology gained from previous Douglas and 
NASA studies, Douglas has initiated additional DC-9 and DC-10 composite 
secondary structure weight reduction studies. These studies include composite 
wing and tail control surfaces and trailing edges, fuselage floors and floor 
beams, and doors. Preliminary results, on a wide variety of secondary 
structural components, have shown that weight savings of 15 to 30 percent can 
be achieved with the use of composites. 

Previous advanced metallic structure studies have shown that the application 
of advanced metallics to future aircraft will require a minimum deviation 
from normal design procedures. The greatest difference will be due to the 
new fabrication techniques required for the new metallics systems. Douglas 
has studied many structural weight reduction concepts, including such items 
as integrally machined wing skin panels, honeycomb sandwich tail skin panels, 
and an isogrid fuselage shell. These have shown substantial potential weight 
savings over conventional structural fabrication methods. 

An aluminum alloy isogrid window belt structure for the DC-10 is shown in 
Figure 27. Isogrid refers to frames or integrally stiffened plates with 
multiple triangular pockets. The gridwork behaves as an isotropic sheet, 
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WINGLET GEOMETRY 

• SPAN = 0.10 WING SPAN 

• DIHEDRAL » 80 DEG 

• ROOT CHORD = 0.65 WING TIP CHORD 

• MODIFIED GAW AIRFOIL SECTION 



FIGURE 25. REPRESENTATIVE WINGLET PERFORMANCE SUMMARY FOR DC-10-30 AIRPLANE 
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hence, "isogrid". Both aluminum and composite panels of isogrid have been 
built and tested by DAC. Aluminum isogrid can be machined from flat plate 
on a numerically controlled mill. The simple repeating pattern is economical 
to design and build. The nodes provide numerous natural attachment points, 
and discontinuities can be handled by local adjustments in pocket size and/or 
web and skin width. Isogrid fuselage sections have a wall thickness nearly 
4 inches thinner than conventional stiffened skin sections. If circumferential 
frames are used, as when isogrid is installed as a modification to an existing 
fuselage, the frames can be narrowed about 1.5 inch. The properties of 
isogrid make it a natural candidate for the window belt region. Extra cabin 
width is achieved along with design and construction simplicity. Weight 
savings are also achieved because the isogrid geometry can be tailored to 
local loads. On the DC-10-40D derivative presented in Section 4.0, the 
isogrid window belt saves 1,515 pounds relative to the built-up structure 
currently used. Isogrid window belts are also included in the study DC-10 
production modifications and in the new near-term aircraft. 


3.1.5 Carbon Brakes 

The Douglas Aircraft Company, in conjunction with aircraft brake manufacturers, 
has initiated a program to develop the technology required for replacing the 
DC-10 steel brake assemblies with carbon brakes. Current carbon brake 
development studies and tests show that, due to a significant reduction in 
heat sink weight on the DC-10-40, there is a weight savings of 1,100 pounds. 

The benefit for the DC-10-10, which has no center main gear, is 890 pounds. 

3.1.6 Propulsive Noise Reduction 

Current production engines have single degree of freedom acoustically 
absorptive liners in the fan inlet, fan exhaust duct and turbine exhaust. 

For the new near-term aircraft study, multiple degree of freedom absorptive 
liners were assumed for the fan inlet and fan exhaust duct acoustic treatment, 
in order to provide noise reductions over a wider frequency range. 

3.2 State-of-the-Art Technology 

In addition to new technology that could be applied to commercial transports, 
a number of state-of-the-art modifications could be made to improve the 
performance of these aircraft. A brief description of the drag and weight 
improvement concepts considered in this study follows. 
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3.2.1 Fairings, Gaps, Steps 

An examination of the existing fleet indicates that a general drag cleanup 
program involving fillets, fairings, gaps, seals, etc. can give a potential 
cruise drag improvement of 5 to 10 percent, depending on the airplane and 
extent of cleanup. High on the list of cleanup items for the DC-8 and DC-9 
are the aerodynamically-balanced control surfaces which have inherently 
large gaps. Due to the low fuel price prevalent when the DC-8 and DC-9 were 
designed, the 4 to 5 percent drag penalty for these gaps was offset by the 
complexity and cost of a powered control system. Even with today's high 
fuel prices, the cost of modifying the DC-8 or DC-9 to use powered controls 
is too high. However, the DC-10 and most other recent commercial aircraft 

have powered controls. 


Filleting at the tail/fuselage and the wing/fuselage intersections, as shown 
in Figures 28 and 29, can eliminate small areas of flow separation, giving 
up to a 3 percent cruise drag improvement. Elimination of production steps 
(e.g., slat-to-wlng, spoil er-to-wing) , as shown in Figure 30, can give a 
measurable drag improvement depending on the size of the step eliminated. 
Other items such as lights, antennas, drain masts, rain gutters, rivet heads, 
etc. have a potential for as much as 4 percent drag improvement if complete y 
eliminated. However, it is very difficult and expensive to remove or other- 
wise house many of these items since they are required for commercial 

operation. 


3.2.2 Extended Wing Tips 

Traditionally wing tip extensions have been added primarily for takeoff 
performance Improvement. However, a cruise drag improvement may also be 
obtained with a tip extension. A tip extension increases the parasite drag, 
while lowering the induced drag. Thus, the cruise lift coefficient is 
important in the evaluation of wing tip extensions. At low lift coefficients, 
the parasite drag penalty can exceed the induced drag improvement for a net 
drag increase. However, at the higher cruise lift coefficients typical ot 
"growth" airplanes, the wing tip extensions can offer a significant improvement. 
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3.2.3 Cutback Pylons 

The cutback, or undercut, pylon was developed to minimize aerodynamic 
interference effects between the wing and the pylon. While the early models 
of the DC-8 did not use this approach, the DC-8-62 and DC-8-63 models 
(Figure 31) and all DC-10 models have this feature. Minimizing the inter- 
ference effects requires the consideration of the curvature of the stream- 
lines that exist on a swept wing. Since this curvature is most pronounced 
near the wing leading edge, pylons are now designed so that the pylon leading 
edge intersects the wing lower surface aft of this critical region. Typical 
improvements that could be applied to aircraft which do not. currently have 
cutback pylons would be on the order of 0.5 percent of total airplane drag 
for short range missions and as much as two percent for long range missions. 


3.2.4 General Weight Reduction 

General weight reduction items include numerous changes, each of which 
provides a small weight improvement, and which together provide a sizeable 
weight savings. General weight reduction programs are ongoing throughout 
the production life of an aircraft, taking advantage of both new technology 
and service experience with the aircraft. Changes are incorporated on the 
production line as they are approved. These changes are typically not cost 
effective as retrofit items. Some of the general weight saving items 
considered in this study are: 

% reducing cabin interior side-wall lining thickness 
s replacing current insulation blankets with lightweight blankets 

• removing acoustic insulation from forward cabin floor 
« deleting individual air outlets 

e reducing cargo compartment liner to a thinner gage 
a replacing steel door hinges with titanium hinges 

• replacing steel fasteners with titanium fasteners 

• removing clad from all aluminum bonded surfaces 

0 replacing current wires with equivalent lightweight wire 
® reducing main gear trim cylinder diameter 
9 increasing main landing gear strut material allowables 
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FIGURE 31. COMPARISON OF ORIGINAL AND CUTBACK DC-8 PYLONS 
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SECTION 4.0 

MODIFICATION AND DERIVATIVE STUDIES 

Aircraft design changes were studied in order to identify the fuel-saving 
potential of retrofit modifications, production modifications, and derivative 
airplanes. Following a sensitivity study to determine the relative value 
of drag, SFC, and weight improvements on each baseline airplane, a total of 
twenty reconfigured aircraft were proposed and analyzed. 


4.1 Sensitivity Studies 

In order to assess the relative value of reductions in drag, SFC, and weight, 
a study was made of relative fuel use and DOC changes when these items are 
improved 10 percent. Table 18 presents the results at the 1973 CAB average 
stage length for each aircraft. Drag and SFC changes are equivalent. The 
effect on DOC of a 10 percent increase in aircraft cost is also presented. 

It can be observed that, on a percentage basis, drag and SFC changes are 
approximately twice as effective as weight changes in improving fuel con- 
sumption. The effect of fuel price on DOC sensitivities is also shown. A 
doubling of fuel price from 30 cents to 60 cents per gallon increases the 
effect of the drag, SFC, and weight reductions on DOC, and reduces the effect 
of increasing aircraft price. Figure 32 shows the average sensitivity factors 
for each of the DC-8, DC-9, and DC-10 aircraft families. 

4.2 Modification and Derivative Configurations 

Table 19 presents the design changes which were combined to create twenty 
reconfigured study airplanes. Nomenclature for these study airplanes is also 
given in Table 19. The areas affected by design changes are indicated in 
Figures 33, 34, and 35. General drag reduction items include aerodynamic 
improvements such as rerigged controls, new fairings, reduced gaps and steps, 
and other items described in Section 3.2.1. General weight reduction items 
are summarized in Section 3.2.4. 

Retrofit modifications were limited to engine changes and drag reduction 
items. Including winglets. Engine retrofits were considered only for the 
DC-8 airplanes because properly sized replacement engines offering substantial 
SFC reductions are not available for the DC-9 and DC-10. The DC-8 retrofit 
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packages were broken down into separate engine retrofit and drag retrofit 
packages in order to show th relative effects of these items. 

Modification of production aircraft offers the possibility of structural re- 
design, using advanced metal! ics and composites to save weight. Only the 
DC-10 aircraft were studied for production modifications because only the 
DC-10-10 and DC-10-40 baseline aircraft have sufficient remaining production 
life to warrant substantial changes. Production has stopped on all DC-8 models 
and the DC-9-10 series. Production of the DC-9-30 is expected to continue 
for only about two years. It is being superseded by the DC-9-50 (Figure 2 ;. 

Derivatives involve extensive changes to the baseline aircraft, such as a new 
wing or fuselage. Derivatives of the DC-9-30, DC-10-10, and DC-10-40 were 
studied, as shown in Table 19. Three derivatives are stretched airplanes, one 
has an unchanged fuselage length, and one is shortened. Two have new super- 
critical wings. Four require new engines to meet thrust requirements. Weight 
and/or drag reduction items are also included in the derivative designs. The 
DC-9-30D2 has extended wing tips, a recontoured leading edge, and an improved 
high lift system, in addition to the items shown in Table 19. These features 
improve takeoff and landing performance and reduce airplane drag. 

Weight adjustments were determined for each design change and are itemized in 
Tables 20 through 29. The weight tables also serve to define each modification 
and derivative design in more detail. It will be noticed that winglets on 
retrofit modifications involve a lower weight penalty than winglets on pro- 
duction modifications or derivative designs. Winglets change the wing span- 
load distribution and winq strengthening is required to maintain the same 
payload capability and service life. Wing box strengthening is straightforward 
on production aircraft, but is not practical as a retrofit item. Therefore, 
aircraft with retrofit winglets must be operated at a lower maximum takeoff 
gross weight in order to keep the maximum wing loads within the capacity of 
the original structure. 

Table 25 details the items included in the general weight reduction program 
for DC-9 derivatives. Table 25 lists the DC-9 composite secondary structure 
weight savings. Composites are also used in modified and derivative versions 
of the DC-10-10 and DC-10-40. Table 28 lists low-risk composite weight 
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savings for DC-10 models and Table 29 lists state-of-the-art composite items 
which entail moderate risk. 

General characteristics of these aircraft are given in Tables 30a through 
30d. The average stage lengths and high speed cruise Mach numbers for the 
modified and derivative models are the same as for their respective baselines. 
Maximum takeoff weights and seating capacities for modified aircraft are also 
the same as their baselines. The fuel savings for the modified aircraft result 
in increased range capability. The payload-range profiles of the modified and 
derivative aircraft are compared to the profiles of the baseline airplanes 
in Figures 36 through 42. All payload-range plots were generated using the 
baseline flight profile. Figure 4. Fuel use parameters are given in Tables 
31 to 50, and comparative fuel use plots are given in Figures 43 to 47. 

The effects of the modification and derivative options on fuel use and DOC 
are summarized in Table 51 at. the CAB average stage length. Modification 
options produce significant fuel use reductions but generally appear to be 
uneconomical at the study fuel prices. Substantial fuel benefits accrue 
from refan engine ( JT8D-209) retrofits on the DC-8 models; but the economics 
of the retan retrofits are unfavorable, except for the DC-8-20R and DC-8-20ER 
at a fuel price of 60 cents per gallon. Although the cost of the engine 
modification on the DC-8-20 is as expensive as those for the DC-8-50 and 
DC-8-61, the used aircraft value assumed for the DC-8-20 in 1976 was very 
low. This fact, plus the substantial fuel savings achieved with the refan 
engines on the DC-8-20, in contrast to the savings on the DC-8-50 and DC-8-61, 
contributed to making the DC-8-20R and DC-8-20ER models economically viable 
relative to the baseline DC-8-20 at 60 cents per gallon. 

Most modifications were expensive, and DOC penalties generally resulted even 
at a 60 cent per gallon fuel price, despite significant fuel savings. The 
drag retrofit modification is the least expensive redesign item and, due to 
the very low used DC-8-20 price, the DC-8-20DR DOC's were very good relative 
to the baseline DC-8-20. It should be noted, however, that the DOC's of 
each modification are strongly dependent on the ground rules assumed in 
calculating them. For instance, the baseline airplanes were priced as new 
aircraft in 1973 dollars. Aircraft out of production were priced on the 
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basis of the latest known sale price escalated to 1973 dollars. The modifica- 
tion prices were based on the 1976 used aircraft value de-escalated to 1973 
dollars, plus the cost of the modification and any applicable airframe and 
engine refurbishment. Also, depreciation periods for the baseline airplanes 
were 16 years, while for the DC-8 retrofit models they were 5 years. A 
complete discussion of the aircraft prices and DOC's is presented in Section 
2.0 of Volume II, 

The stretched derivative airplanes show substantial seat-mile fuel use 
reductions, ranging from 19.8 percent for the DC-9-30D1 to 27.9 percent for 
the DC-10-40D; and much improved DOC's due to the increased number of seats. 
The DC-9-30D3 involves only a new supercritical wing, but fuel u ;e is still 
reduced by 4.94 percent, with a small reduction in operating costs at 30 cents 
and 60 cents per gallon. The 2.76 percent reduction in fuel for the DC-10-10D 
is remarkable because this is a shortened aircraft with fewer seats than its 

baseline. 

The fuel-saving effects of individual modification items are given in Table 
52 and Figure 48. As a convenience, the percentages in Table 52 were com- 
bined by simple addition, rather than by the method of Section 2.3. This 
permits straightforward chart comparisons of the data, as in Figure 48. The 
retrofit winglet modifications are shown to give a slightly greater fuel- 
saving benefit than the production winglet modifications in Table 52, because 
the added weight of the wing box strengthening as part of the production 
winglet modification slightly reduces the amount of fuel saved. 

Figure 49 shows derivative aircraft fuel savings compared to the baseline 
models. The DC-10-1 0D is also compared to the similar-capacity DC-8-61, 
and shows a 19 percent seat-mile fuel improvement relative to this narrow- 

body aircraft. 
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MODIFICATION SENSITIVITIES 
CHANGE IN BLOCK FUEL AND DOC 
RESULTING FROM A 10% CHANGE IN PARAMETER 
FOR BASELINE OPERATION AT 1973 CAB AVERAGE RANGE 


z: lu 

m h-u 


cvJ 

cr> 


i — • 

o 

o 


M3 

m 

«, 

• 

• 

CM 

CM 

CM 

CM 


■e- _i 
o ha: 
CORD 

LO 

CD 

co 

ID 

r-. 

CO 

CO 

LO 

CO 

LO 

ca 

• 

CM 

CM 

CM 

• 

CM 

CM 

ro 

ro 


o 

M3 


ok cn 

LO 

LO 

CO [CD 

• 

• 

CM 

CM 

CM 

<E‘ ! 

1 

1 



CO 

CM 

03 


<* 


CO 


• 

• 



*3- 

CM 

CM 


•*=»- _j 
o <c 

LO 

CO 

LO 

CO 

ID 

r-. 

CO 

r^ 

<■ 

LO 

CU 

CO 


CO CD 

M3 

ID 

ID 

co 

CO 

LO 

1 

LO 

| 

e 

i 

l 

l 

i 

] 

j 



cn 

< L±J 
O CD U1 
e£ CD - — * 

nuj<z 
n- > oc ■ — - 
cn <c 


O 

o 

o 

o 

o 

o 

o 

cn 

r-. 


CO 

CO 

CM 

CO 

LO 


o 

o 

O 

O 


CO 

1 

I 

t 

I 

o 

o 

03 

03 

t 

1 

1 

o 

1 

o 

1 

CJ 

(_> 

o 

Q 

Q 

o 


NOTE: DOC valu 



FUEL SAVED AND DOC CHANGE DUE TO INDEPENDENT 10 PERCENT CHANGE IN 
DRAG, SFC. OEW, OR PRICE AT 1973 CAB AVERAGE STAGE LENGTH. 
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FIGURE 32. AVERAGE MODIFICATION SENSITIVITY FACTORS 
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FIGURE 33. FUEL-CONSERVATIVE DC-8 RETROFIT STUDY ITEMS 
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FIGURE 34. FUEL-CONSERVATIVE DC-9 STUDY ITEMS 











FIGURE 35. FUEL-CONSERVATIVE DC-10 STUDY ITEMS 













TABLE 22 

WEIGHT CHANGE SUMMARY - DC-9 AND DC-10 RETROFIT AIRCRAFT 
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WEIGHT CHANGE SUMMARY - DC-10-10 AND DC-10-40 PRODUCTION MODIFICATIONS 
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See Table 29 





TABLE 24 


WEIGHT CHANGE SUMMARY - DC-9 DERIVATIVES 


AIRCRAFT MODEL 

DC-9-30D1 

DC-9-30D2 

DC-9-30D3 

BASELINE OPERATIONAL EMPTY WEIGHT 

57,900 

57,900 

57,900 

WEIGHT CHANGE ITEMS: 




§ Basic Derivative Weight Changes 

(+6,710) 

(+11,745) 

( o ) 

- Fuselage, Furnishings, Systems, 

5,072 

6,492 


& Operator Items 


- Wing and Tail 

216 

749 


- Landing Gear 

577 

591 


- Propulsion System 

845 

3,533 


- Others 


380 


• Technology Weight Changes 




- Winglet Installation Penalty 

(+ 400) 

( o ) 

( o ) 

Bending Material 

186 



Winglet Structure 

214 



- Drag Reduction Penalty 

( o ) 

( +135) 

( o ) 

Wing Fillet Redesign 
Horiz. and Vert. Tail 


89 

46 


Fillet Redesign 


( o ) 

* 

- General Weight Reduction 

(-1,400) 

(-1,400) 

- Composite Secondary Structure 
Weight Reduction 

(-1,000) 

(-1,000) 

( o ) 

- Supercritical Airfoil Wing 
Penalty 

( o ) 

( o ) 

(+ 180) 

Wing Structure 
Control and Hydraulic 



280 

-100 

Systems 



TOTAL WEIGHT CHANGE 

+4,710 

+9,480 

ID 

DERIVATIVE OPERATIONAL EMPTY WEIGHT 

62,610 

67,380 

58,080 


See Table 25 
See Table 26 
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TABLE 27 


WEIGHT CHANGE SUMMARY - DC-10 DERIVATIVES 


AIRCRAFT MODEL 

DC-1 0-1 OD 

DC-1 0-40D 

BASELINE OPERATIONAL EMPTY WEIGHT 

237,240 

270,910 

WEIGHT CHANGE ITEMS: 



i Basic Derivative Weight Changes 

(-75,383) 

(+12,721) 

Fuselage, Furnishings, Systems, 

-28,269 

14,905 

Operator Items 

Wing and Tail 

-30,455 

1,886 

Landing Gear 

- 6,257 

154 

Propulsion System 

-10,402 

- 4,224 

• Technology Weight Changes 

(-1,087) 

(-7,911) 

Winglet Installation Penalty 

( o ) 

(+1,560) 

Bending Material 


+ 766 

Winglet Structure 


+ 794 

Drag Reduction Penalty 

( o f 

(+ 425) 

Wing Fillet Redesign 


+ 280 

Horiz. and Vert. Tail Fillet 


+ 145 

Redesign- 

* 

General Weight Reduction 

( o ) 

(-6,670) 

Carbon Brakes 


-1,100 

Landing Gear Structural 


- 600 

Technology Improvements 


Integral Machined Window Belt 


-1,515 

Structure 


Miscellaneous Weight Savings 


-1,265 

Sculptured Wing Skins 


- 525 

Delete Center Section Wing Fuel 


-1,665 

Tank 


Composite Secondary Structure 
Weight Reduction 

(-1,087) 

(-3,226) 

TOTAL WEIGHT CHANGE 

(-76,470) 

( +4,810) 

DERIVATIVE OPERATIONAL EMPTY WEIGHT 

160,770 

275,720 


* Included in Basic Derivative Weight Changes 
** See Table 29 
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TABLE 29 

COMPOSITE SECONDARY STRUCTURE WEIGHT SAVINGS 



84 



MODIFIED AND DERIVATIVE AIRCRAFT CHARACTERISTICS 
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.t High Speed Cruise Mach Number 










TABLE 30b 

MODIFIED AND DERIVATIVE AIRCRAFT CHARACTERISTICS 
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1000 2000 3000 4000 5000 

RANGE (NM) 

FIGURE 36. PAYLOAD-RANGE COMPARISON FOR DC-8-20 MODELS 
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FIGURE 37. PAYLOAD-RANGE COMPARISON FOR DC-8-50 MODELS 
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FIGURE 38. PAYLOAD-RANGE COMPARISON FOR DC-8-61 MODELS 
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FIGURE 40. PAYLOAD-RANGE COMPARISON FOR DC-9-30 MODELS 
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PAYLOAD-RANGE COMPARISON FOR DC-10-40 MODELS 















(1) BASELINE FLIGHT PROFILES, LOAD FACTOR = 58.0% 

(2) TOTAL NUMBER OF SEATS = 146 , FUEL DENSITY - 6.8 LB/GALLON 






FUEL USE VS. DISTANCE 
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FUEL USE VS. DISTANCE 



(1) BASELINE FLIGHT PROFILES, LOAD FACTOR = 58.0% 

(2) TOTAL NUMBER OF SEATS = 203, FUEL DENSITY - 6.8 LB/GALLON 
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(1) BASELINE FLIGHT PROFILES, LOAD FACTOR * 58.0% 

(2) TOTAL NUMBER OF SEATS « 92, FUEL DENSITY » 6.8 LB/GALLON 
















FUEL USE VS. DISTANCE 



108 


(1) BASELINE FLIGHT PROFILES, LOAD FACTOR = 58.0% 

(2) TOTAL NUMBER OF SEATS = 252, FUEL DENSITY => 6.8 LB/GALLON 





FUEL USE VS. DISTANCE 






FUEL USE VS. DISTANCE 



(1) BASELINE FLIGHT PROFILES, LOAD FACTOR =* 58. 0% 

(2) TOTAL NUMBER OF SEATS » 252 , FUEL DENSITY - 6.8 LB/GALLON 







FUEL USE VS. DISTANCE 



(1) BASELINE FLIGHT PROFILES, LOAD FACTOR » 58.0% 

(2) TOTAL NUMBER OF SEATS » 117 , FUEL DENSITY - 6.8 LB/GALLON 

























FUEL USE VS. DISTANCE 



(1) BASELINE FLIGHT PROFILES, LOAD FACTOR = 58.0% 

(2) TOTAL NUMBER OF SEATS “ 199, FUEL DENSITY « 6.8 LB /GALLON 
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FIGURE 44. BLOCK FUEL VS. RANGE FOR MODIFIED DC-9-10 AIRCRAFT 
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FIGURE 45. BLOCK FUEL VS. RANGE FOR MODIFIED AND 
DERIVATIVE DC-9-30 AIRCRAFT 



118 



BLOCK 

FUEL 

(LB/IOOO) 



FIGURE 46. BLOCK FUEL VS. RANGE FOR MODIFIED AND 
DERIVATIVE DC-10-10 AIRCRAFT 
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FIGURE 47. BLOCK FUEL VS. RANGE FOR MODIFIED AND 
DERIVATIVE DC-10-40 AIRCRAFT 
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TABLE 51 

EFFECT OF MODIFICATIONS AND DERIVATIVE DESIGNS 

ON BLOCK FUEL AND DOC 

AT 1973 CAB AVERAGE STAGE LENGTH 
(See Table 30) 






TABLE 52 


EFFECT OF INDIVIDUAL MODIFICATION ITEMS ON BLOCK FUEL 

AT 1973 CAB AVERAGE STAGE LENGTH 
(See Table 30) 


Modified 

Aircraft 

Total A . 
Block Fuel U; 
(%) 

A Block Fuel 

for Individual Modification Items 

m . 

JT8D-209 

Engine 

Winglet 

General 

Drag 

Reduction 

General 
Weight m 
Reduction^ ' 

DC-8-20R 

-28.25 

-23.73 

-1.72 

-2.80 


DC-8-20DR 

- 4.52 

— 

-1.72 

-2.80 

— 

DC-8-20ER 

-23.73 

-23.73 

— 

— 

— 

DC-8-50R 

-14.97 

-10.50 (3) 

-1.70 

-2.77 

— 

DC-8-5 ODR 

- 4.47 

— 

-1.70 

-2.77 

— 

DC-8-50ER 

-10.50 

-10.50 (3) 

— 

— 

— 

DC-8-6 1R 

-14.92 

-10.39 (3) 

-1.74 

-2.79 

— 

DC-8-61DR 

- 4.53 

— 

-1.74 

-2.79 

— 

DC-8-61ER 

-10.39 

-10.39 (3) 

— 

— 

— 

DC- 9-1 OR 

- 4.06 

— 

-1.31 

-2.75 

— 

DC-9-30R 

- 3.81 

— 

-1.26 

-2.55 

— 

DC-10-10R 

- 9.07 

— 

-3.99 

-5.08 

— 

DC-10-40R 

- 9.32 

— 

-3.94 

-5.38 

— 

DC— 10— 10M 

-10.17 

— 

-3.87 

-5.10 

-1.20 

DC-10-40M 

-10.76 

— 

-3.84 

-5.42 

-1.50 


(1) Relative to Baseline Aircraft 

(2) Includes Composite Secondary Structure 

(3) Includes Cutback Pylon 


122 










123 




FIGURE 49. DERIVATIVE AIRCRAFT FUEL SAVINGS 



SECTION 5.0 

NEW NEAR-TERM AIRCRAFT 

The impact of rising fuel prices on the design of new aircraft was investi- 
gated to determine whether significant improvements in fuel efficiency could 
be achieved. The new aircraft were designed to NASA specifications and 
incorporate technology consistent with a 1980 introduction date.. 

Five families of new aircraft were studied, three domestic range families 
and two international range families, resulting in eighteen optimized configu- 
rations. The domestic range families include aircraft optimized far maximum 
fuel efficiency and for minimum DOC at three different fuel prices, 15, 30 
and 60 cents per gallon. The international range airplanes were optimized 
for maximum fuel efficiency and for minimum DOC at two fuel prices, 30 and 
60 cents per gallon. 

As a convenience, a code has been developed to designate the various new 
near-term airplanes. For example, the 200 passenger, 1,500 nautical mile 
range aircraft optimized for DOC at a fuel price of 15 cents per gallon, is 
designated as shown in Figure 50. The subscript indicates the optimization 
parameter. If an aircraft was optimized for minimum fuel use, the subscript 
MF is used. When used without a subscript, the designator refers to an 
entire family of aircraft. The entire group of new near-term airplanes are 
sometimes referred to as N80 aircraft. 
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5.1 Design Specifications and Ground Rules 

The design ground rules provided by NASA for the five new near-term aircraft 
families are given in Table 53. Aircraft cruise Mach numbers were optimized 
in the range 0.70 - 0.90. Within these ground rules, specifications for base- 
line new near-term airplanes were developed by Douglas and are presented in 
Table 54. The flight profile used for the study is presented in Figure 51. 

Figure 52 lists the advanced technologies incorporated in these airplanes. 

The use of composite secondary structure for the N80 airplanes was based on 
current DC-10 composite structure weight saving studies. Composite structure 
was assumed for the wing and tail control surfaces and trailing edges, and 
the fuselage floor, floor beams, and door structures. The N80 airplanes 
also include advanced technology weight saving items such as carbon brakes, 
thinwall composite nacelles, and isogrid window belts. 

Both swept and straight wing designs were considered for minimum DOC as well 
as minimum fuel airplanes. Recent studies have indicated that the reduced 
number of parts required for a simpler straight wing could decrease the 
wing cost up to 15 percent and the overall aircraft cost about 3 percent. 

5.1.1 Interior Arrangements 

Detailed interior arrangements were prepared for the N80 aircraft and are 
shown in Figures 53 and 54. Passenger convenience information is provided 

in Table 55. 

For consistency with other study airplanes the interior arrangements are dual 
class interiors with approximately 10 percent first class seating and 90 
percent coach seating. Seat pitch is 38 inches for first class and 34 inches 
for coach. Actual passenger capacities differ slightly from the nominal 
200 and 400 seat ground rules. 

All of the 201 seat aircraft share a common interior arrangement (Figure 53). 
Six abreast seating Is provided for first class and seven abreast in coach. 
The galleys are located on the upper deck. 

The 404 seat aircraft also share a common interior arrangement (Figure 54). 
Six abreast seating is provided for first class and nine abreast in coach. 
The overall size of this configuration allows room for the forward galley 

to be located on the lower deck. 
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NEW AIRPLANE SPECIFICATIONS 
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Target Noise Levels FAR 36-10 FAR 36-10 FAR 36-10 FAR 36-10 FAR 36-10 
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PRIMARY MISSION: 

0 Warmup, taxi, takeoff (15 min) 

0 Climb to 10,000 ft. at 250 KEAS 
0 Accelerate to maximum rate of climb speed 
0 Climb to optimum cruise altitude or to ceiling altitude 
0 Cruise climb at constant cruise Mach number 
0 Descend to 10,000 ft. 

0 Decelerate to 250 KEAS 

0 Final descent to sea level 

RESERVE FUEL MISSION: 

• Climb from Sea Level to 30,000 ft. 

• Cruise at 30,000 ft. at 99 percent maximum nautical 
miles per pound 

t Descend to Sea Level 

• After arriving at alternate, cruise for 45 min. at 

99 percent maximum nautical miles per pound at 30,000 ft. 

FIGURE 51. MISSION PROFILE FOR NEW NEAR-TERM AIRCRAFT 
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• WING 


Supercritical Section 

Improved High Lift System - leading edge slats with 
double slotted, track-motion flap 


POWER PLANTS AND PODS 

CF6-6 with 3/4 length pod (N80-2.15, N80-4.30, and N80-4.55) 
CFM-56 with long duct pod (N80-2.30 and N80-2.55) 

PROPULSIVE NOISE REDUCTION 

Pods to include advanced acoustic composite 
nacelle technology 

STRUCTURAL IMPROVEMENTS 

Composites: floor beams, doors, nacelles, control 

surfaces, fairings, wing panels 

Advanced Metal! ics: isogrid machined window belt 

WEIGHT REDUCTION OF SYSTEMS 
Carbon Brakes 
Environmental Systems 
Auxiliary Power System 

Control System - Longitudinal Stability Augmentation 
COCKPIT 

Reduced Workload 


FIGURE 52. ADVANCED TECHNOLOGIES FOR NEW NEAR-TERM AIRCRAFT 
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201 PASSENGERS 
MIXED CLASS 



FIGURE 53. INTERIOR ARRANGEMENT FOR N80-2.15, N80-2.30, AND N80-2.55 
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PASSENGER CONVENIENCE DATA 
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With lower galley, lower galley area (excluding walkway) = 34,889 inch 

2 

upper galley area = 12,800 inch . 













5.2 Design Procedures 

The final N80 configurations were the result of a systematic sizing study. 

The Passenger Aircraft Sizing and Analysis Program (PASAP) was used to 
perform the sizing. PASAP is a multi-disciplinary aircraft design program 
developed by DAC specifically for rapid analysis of new aircraft configu- 
rations. In sizing the N80-2.15 and N80-2.30 aircraft, approximately 140 
combinations of thickness, sweep, aspect ratio and Mach number were studied. 

For each combination, at least five wing areas were considered for each of 
several thrust levels. The subsequent aircraft were sized using the trends. 

A typical sizing grid is presented in Figure 55. The grid intersections 
represent fixed values of wing area and engine thrust. The left hand scale 
shows the design takeoff weight associated with grid locations. Design 
constraints shown include approach speed, takeoff field length and initial 
cruise altitude capability. The broken lines represent parameter barriers 
beyond which the constraints are not met. Lines of constant DOC (DOC-j , 

D0C2> DOC 3 ) and constant fuel burned (FB-j , FBg* FB3) are overlayed and 
optimum configurations that meet the design constraints can be chosen. 

Point A is a minimum DOC design and Point B represents a minimum fuel case. 

In choosing the final wing area, a solve routine was employed to "ride" a 
known thrust constraint line, varying wing area until an optimum wing area or 
a constraint was reached. Thus, Point A is the lowest possible DOC configura- 
tion that meets all performance constraints, and Point B is the minimum fuel 
use configuration that meets all performance constraints. 

Table 56 shows the sizing constraints for the N80 family. The optimization 
parameters at the head of each column correspond to the subscripts used in 
the aircraft designating code. The performance constraints takeoff 
distance, approach speed, and initial cruise altitude were specified in 
Table 54. Note that initial cruise altitude did not constrain any of the 
designs. The minimum thrust constraint represents the initial cruise thrust 
requirement (Reference 16). The fuel volume constraint is based on the 
assumption that all fuel is carried in the wing, and that the wing must be 
large enough to carry all of the fuel for the design mission and the reserve 
fuel mission. The minimum DOC or fuel use constraints are the optimization 
criteria. Performance and fuel volume constraints materially affect the 
final sizing of an aircraft optimized for DOC at low fuel prices, such as 
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10 cents per gallon, because designs at low fuel prices tend toward small 
wings and high thrust for minimum DOC. As fuel prices increase, or when 
the minimum fuel use criterion Is used, the performance constraints have less 
of an effect on the wing and engine size. The N80 aircraft were all sized 
to achieve minimum DOC or minimum fuel use while meeting or exceeding the 
performance and range requirements. 

The geometry optimization procedure is illustrated in Figure 56. At an 
initial constant cruise Mach number, the baseline N80 aircraft aspect ratio 
was first optimized for minimum DOC at a given fuel price. The sweep was 
then optimized, followed by the thickness. The optimum geometry characteris- 
tics were then combined, checked, and adjusted to obtain the minimum DOC 
airplane at the initial cruise Mach number. The Mach number was then 
incremented, and the optimization procedure repeated until an absolute minimum 
DOC aircraft was found. The optimization loop was then repeated for the 
remaining fuel prices, and for minimum block fuel. 
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SIZING CONSTRAINTS 
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FIGURE 56. SIZING PROCEDURE 
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5.3 N80-2.15 Series Aircraft 

Each member of the Model N80-2.15 series is characterized by two wing-mounted 
engines, a capacity of 201 passengers, and a design range of 1,500 nautical 
miles. 


5.3.1 Configuration Trade Studies 

The baseline N80-2.15 aircraft was sized for minimum DOC at three fuel prices 
(15, 30, and 60 cents per gallon) and also for minimum block fuel. The 
sizing was performed in accordance with the ground rules and methods previously 
described. 

The resulting sizing charts for the N80-2.15 minimum DOC aircraft at the 
three study fuel prices are presented in Figures 57, 58 and 59. As cruise 
Mach number increases, the wing geometry tends to decrease in aspect ratio, 
and increase in thickness and sweep. If the wing is constrained to be kept 
straight, the thickness is reduced as Mach number is increased to minimize 
the drag rise. At any given fuel price, the effect of not choosing the 
absolute minimum DOC airplane is shown in Figure 60. The effect is minimal. 

For example, if the design cruise Mach number of a "minimum DOC" airplane 
was chosen to be 0.85 instead of 0.81 at a fuel price of 30 cents per gallon, 
the relative DOC Increases only 0.60 percent. 

The sizing chart for the minimum block fuel aircraft is presented in Figure 
61. Due to ground rules, no Mach numbers below 0.70 were investigated. The 
increased block time caused by flying at less than 0.70 Mach number would 
probably be unsuitable for commercial use. The high aspect ratio of 15.5 
at Mach 0.70 was chosen from sizing studies (Figure 62). This high aspect 
ratio approaches the limits of present wing weight prediction techniques 
without further test information. For a one percent increase in block fuel, 
the aspect ratio could be reduced to about 13. 

5.3.2 Optimum Design Characteristics 

Plan views of the optimized N80-2.15 configurations are shown in Figure 63. 

The characteristics of the N80-2.15 series are summarized in Table 57. 
Additional design data is given in Table 58, and a weight statement for the 
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airplanes appears in Table 59. In these tab s, column headings give the 
optimization parameter for each aircraft. For example, D0C 15 refers to the 
aircraft optimized for DOC at a fuel price of 15 cents per gallon, and so 

forth. 

5.3.3 Optimum Geometry 

The variation of optimum geometry and optimum cruise Mach number with fuel 
price is given in Figure 64. The results indicate that as design fuel price 
increases, the importance of short block time decreases, and cruise Mach 
number is reduced. As cruise Mach number decreases, the optimum geometry 
changes (increased aspect ratio, decreased sweep and thickness) to reduce 
drag which results in reduced engine size and fuel consumption. 

5.3.4 Energy Efficiency 

The variation of block time and block fuel with range at 58 percent load 
factor is presented in Figure 65. This load factor was chosen as a typical 
operational value. The energy efficiency parameters (BTU/NM, ASNM/GAL, 
BTU/ASNM) of the N80-2.15 airplanes at 58 percent load factor are presented 
in Figure 66. These results appear tabulated in Tables 60 and 61. 
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MODEL N80-2.15 

201 PASSENGERS, 1500 NM RANGE 
15 CENTS PER GALLON FUEL 


O Swept Wing Design 
□ straight Wing Design 


10 r 


RELATIVE 
DOC 0 

[%) 

0 


12 


ASPECT 

RATIO 

8 


6 


40 

QUARTER 

CHORD 

SWEEP 20 

(DEG) 

0 





THICKNESS 

RATIO 



CRUISE MACH NUMBER 


FIGUF- 57. N80-2.15 15 OPTIMUM AIRCRAFT GEOMETRY AND 

RELATIVE DOC VS. CRUISE MACH NUMBER 


MODEL N80-2.15 

201 PASSENGERS, 1500 NM RANGE 
30 CENTS PER GALLON FUEL 


O Swept Wing Design 
□ Straight Wing Design 


10 - 

RELATIVE 
DOC 5 - 




QUARTER 

CHORD 

SWEEP 

(DEG) 


THICKNESS 
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CRUISE MACH NUMBER 


FIGURE 58. N80-2.15 3 q OPTIMUM AIRCRAFT GEOMETRY AND 

RELATIVE DOC VS. CRUISE MACH NUMBER 
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MODEL N80-2. 15 

201 PASSENGERS, 1500 NM RANGE 
60 CENTS PER GALLON FUEL 


O Swept Wing Design 
t3 straight Wing Design 


RELATIVE 
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FIGURE 59. N80“2.15g 0 OPTIMUM AIRCRAFT GEOMETRY AND 

RELATIVE DOC VS. CRUISE MACH NUMBER 
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MODEL N80-2.15 

201 PASSENGERS, 1500 NM RANGE 


Note: All Points Optimized 


Fuel Price 
(Cents/Gal) 


60 



CRUISE MACH NUMBER 


FIGURE 60. 
FUEL PRICE 


RELATIVE DOC VS. CRUISE MACH NUMBER AND 
FOR OPTIMUM GEOMETRY N80-2.15 AIRCRAFT 
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MODEL N8Q-2.15 

201 PASSENGERS, 1500 NM RANGE 
MINIMUM BLOCK FUEL 


RELATIVE 
BLOCK FUEL 


(*) 
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Ek 
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RATIO 
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CRUISE MACH NUMBER 


FIGURE 61, N80«2.15 MF OPTIMUM AIRCRAFT GEOMETRY AND 
RELATIVE FUEL USE VS. CRUISE MACH NUMBER 
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FIGURE 62. EFFECT OF WING ASPECT RATIO ON N80-2.15 MF BLOCK FUEL 
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Cl) At Design Range, 100 Percent Load Factor 
(2) Straight Rear Spar 
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TABLE 59 


N80-2.15 WEIGHT DATA (LB) 


WEIGHT ITEMS OPTIMIZATION PARAMETER 



D0C-J5 

doc 30 

DOC 60 

BLOCK FUEL 

Wing 

28,475 

31 ,009 

34,546 

45,334 

Horizontal Tail 

2,019 

1,793 

1,598 

1,389 

Vertical Tail 

1,555 

1,588 

1,638 

1,794 

Fuselage 

28,746 

28,733 

28,749 

28,602 

Landing Gear 

9,651 

9,505 

9,520 

9,718 

Flight Controls & Hydraulics 

4,210 

4,037 

3,878 

3,834 

Propulsion System 

24,347 

22,493 

21,266 

18,119 

Fuel System 

1,029 

1 ,101 

1,187 

1 ,417 

Auxiliary Power Unit 

1 ,312 

1,312 

1,312 

1,312 

Instruments 

944 

925 

909 

882 

Air Conditioning & Pneumatics 

2,852 

2,852 

2,852 

2,852 

Electrical System 

4,037 

4,037 

4,037 

4,037 

Avionics 

2,215 

2,215 

2,215 

2,215 

Furnishings 

24,420 

24,420 

24,420 

24,420 

Anti -Ice 

619 

612 

605 

605 

Handling Gear 

69 

68 

68 

70 

Manufacturer's Empty Wt. 

136,500 

136,700 

138,800 

146,600 

Operator Items 

12,400 

12,400 

12,400 

12,400 

Operational Empty Weight 

148,900 

149,100 

151,200 

159,000 

Payl oad 

40,200 

40,200 

40,200 

40,200 

Zero Fuel Weight 

189,100 

189,300 

191,400 

199,200 

Fuel 

45,600 

41,900 

40,200 

37,100 

Takeoff Gross Weight 

234,700 

231 ,200 

231,600 

236,300 
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MODEL N80-2.15 

201 PASSENGERS, 1500 NM RANGE 


O Swept Wing Design 
E Straight Wing Design 
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FIGURE 64. EFFECT OF FUEL PRICE ON N80-2.15 OPTIMUM AIRCRAFT GEOMETRY 

AND CRUISE MACH NUMBER 
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FIGURE 66. ENERGY EFFICIENCY PARAMETERS VS. RANGE 
OPTIMUM N80-2.16 AIRCRAFT 
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TABLE 61 


ENERGY EFFICIENCY PARAMETERS VS. DISTANCE - OPTIMUM N80-2.15 AIRCRAFT 

58 PERCENT LOAD FACTOR 


BTU/NM 

DISTANCE 

(NM) 

doc 15 

D0C 30 

D0C 60 

BLOCK FUEL 


100 

799,800 

799,800 

799,800 

799,800 


250 

528,200 

520,800 

505,900 

498,400 


500 

442,600 

412,900 

398,000 

390,600 


750 

409,200 

384,400 

365,800 

352,100 


1 ,000 

395,200 

364,500 

347,800 

332,900 


1,250 

386,800 

357,100 

338,500 

319,900 


1,500 

381,900 

349,600 

333,500 

314,900 

ASNM/GAL 

DISTANCE 

(NM) 

doc 15 

D0C 30 

D0C 60 

BLOCK FUEL 



31.79 

31.79 

31.79 

31.79 



48.13 

48.81 

50.25 

51.00 


500 

57.43 

61.57 

63.87 

65.09 


750 

62.13 

66.14 

69.50 

72.19 


1 ,000 

64.32 

69.73 

73.09 

76.36 


1,250 

65.71 

71.19 

75.10 

79.47 


1,500 

66. 56 

72.70 

76.22 

80.72 

BTU/ASNM 

DISTANCE 

(NM) 

doc 15 

doc 3 o 

D0C 60 

BLOCK FUEL 


100 

3,979 

3,979 

3,979 

3,979 



2,628 

2,591 

2,517 

2,480 



2,202 

2,054 

1,980 

1,943 


750 

2,036 

1,912 

1 ,820 

1 ,752 


1,000 

1 ,966 

1,814 

1 ,730 

1,656 


■grin 

1,925 

1,777 

1,684 

1,592 


Hi 

1 ,900 

1,740 

1,660 

1,567 
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5.4 N80-2.30 Series Aircraft 

Each member of the Model N80-2.30 series is characterized by four wing-mounted 
engines, a capacity of 201 passengers, and a design range of 3,000 nautical 
miles. 


5.4.1 Configuration Trade Studies 

Like the previous N80-2.15, the baseline N80-2.30 aircraft was sized for 
minimum DOC at three fuel prices (15, 30, and 60 cents per gallon) and also 
for minimum block fuel. Charts of optimum aircraft geometry versus cruise 
Mach number are presented in Figures 67, 68, 69 for the minimum DOC aircraft. 
Because of experience gained from the N8Q-2.15 studies, Mach numbers below 
0.75 were not evaluated for the minimum DOC configurations. The same general 
geometry trends appear as described for the N80-2.15 aircraft. The effect 
on DOC of not choosing the design cruise Mach number for an absolute minimum 
DOC airplane is again very small as shown in Figure 70. In Figure 70, each 
solid line represents relative DOC for an aircraft operating at the fuel 
price for which it was optimized. Figure 71 shows the effect on DOC of 
optimizing the aircraft for a fuel price different from the operating fuel 
price. It is shown that between 0.80 to 0.85 Mach number, neither design 
fuel price nor design cruise Mach number greatly effects DOC. However, the 
DOC penalty associated with optimizing for too low a fuel price is greater 
than the DOC penalty associated with optimizing for too high a fuel price. 

The sizing chart for the minimum block fuel aircraft is shown in Figure 72. 
The cruise Mach number, aspect ratio, and sweep were chosen for reasons 
previously discussed in Section 5.3.1. 

5.4.2 Optimum Design Characteristics and Geometry 

Plan views of the resultant optimum airplanes are shown in Figure 73. A 
summary of the N80-2.30 characteristics is given in Table 62. The effect 
of increased range has resulted in optimum N80-2.30 airplanes with larger 
wing areas than the N80-2.15 airplanes. The N80-2.30 aircrait are heavier 
because of their increased range capability; therefore, larger wing areas 
are required to meet the specified approach speeds. Additional design data 
is given in Table 63, and a weight statement for the airplanes is given in 
Table 64. The variation of optimum geometry with fuel price is presented in 
Figure 74. This variation is almost identical to the N80-2.15 results. 
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5.4.3 Energy Efficiency 

The variation of block time and block fuel with range at 58 percent load 
factor is presented in Figure 75. The energy efficiency parameters (BTU/NM, 
ASNM/GAL, BTU/ASNM) of the N80-2.30 series at an operational load factor of 
58 percent are presented in Figure 76. The optimum range for fuel efficiency 
appears to be about 2,500 nautical miles. These results are also tabulated 

in Tables 65 and 66. 
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MODEL N80-2.30 

201 PASSENGERS, 3000 NM RANGE 
15 CENTS PER GALLON FUEL 


O Swept Wing Design 
□ Straight Wing Design 
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FIGURE 67. N80-2.30 15 OPTIMUM AIRCRAFT GEOMETRY AND 

RELATIVE DOC VS, CRUISE MACH NUMBER 
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MODEL N80-2.30 

201 PASSENGERS, 3000 NM RANGE 
30 CENTS PER GALLON FUEL 


O Swept Wing Design 
B Straight Wing Design 
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FIGURE 68. N80-2,30 30 OPTIMUM AIRCRAFT GEOMETRY AND 

RELATIVE DOC VS. CRUISE MACH NUMBER 
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MODEL N80-2.30 

201 PASSENGERS, 3000 NM RANGE 
60 CENTS PER GALLON FUEL 


O Swept Wing Design 
& Straight Wing Design 
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FIGURE 69. N80-2.3060 OPTIMUM AIRCRAFT GEOMETRY AND 

RELATIVE DOC VS. CRUISE MACH NUMBER . 


RELATIVE DOC (JJ) 


MODEL N80-2.30 

201 PASSENGERS, 3000 NM RANGE 


Note: All Points Optimized 
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FIGURE 70. RELATIVE DOC VS. CRUISE MACH NUMBER AND 
FUEL PRICE FOR OPTIMUM GEOMETRY N80-2.30 AIRCRAFT 
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FIGURE 71. EFFECT OF DESIGN CRUISE MACH NUMBER ON DOC 


MODEL N80-2.30 

201 PASSENGERS, 3000 NM RANGE 
MINIMUM BLOCK FUEL 
O Swept Wing Design 
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FISURE 72. N80-2.30 mf OPTIMUM AIRCRAFT GEOMETRY AND 

RELATIVE FUEL USE VS. CRUISE MACH NUMBER 
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TABLE 64 

N80-2.30 WEIGHT DATA (LB) 


WEIGHT ITEMS 


OPTIMIZATION PARAMETER 


BLOCK FUEL 


Horizontal Tail 
Vertical Tail 
Fuselage 
Landing Gear 

Flight Controls & Hydraulics 
Propulsion System 
Fuel System 
Auxiliary Power Unit 


29,874 

1,969 

1,812 

29,297 

11,536 

4,185 

25,530 

1,040 

1,312 


Instruments 

Air Conditioning & Pneumatics 2,852 
Electrical System 4,037 
Avionics 2,215 
Furnishings 25,512 


Anti-Ice 


Operator Items 

Operational Empty Weight 
Payload 

Zero Fuel Wdight 


Takeoff Gross Weight 


13,190 

156,000 

40,200 

196,200 

83,600 


34,306 

1,716 

1,873 

29,308 

11,367 

4,008 

22,957 

1,136 

1,312 


2,852 

4,037 

2,215 


Handling Gear §£ ai 

Manufacturer's Empty Weight 142,810 144,210 


37,276 

1,562 

1,906 

29,313 

11,192 

3,868 

20,475 

1,198 

1,312 


2,852 

4,037 

2,215 


25,512 25,512 


47,139 

1,423 

2,113 

29,026 

11,320 

3,996 

17,522 

1,455 

1,312 


2,852 

4,037 

2,215 


25,512 



275,700 271,500 
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TABLE 66 


ENERGY EFFICIENCY PARAMETERS VS. DISTANCE - O PTIMUM N80-2.30 AIRCRAFT 

58 PERCENT LOAD FACTOR 


BTU/NM DISTANCE 

(NM) 

doc 15 

DOC30 

DOCgj 

BLOCK FUEL 

TOO 

985,800 

985,800 

985,800 

985,800 

250 

595,200 

595,200 

595,200 

595,200 

500 

476,100 

453,800 

442,600 

438,900 

750 

438,900 

416,600 

396,800 

389,300 

1 5 000 

414,700 

394,300 

377,500 

368,200 

1,500 

400,500 

380,600 

358,300 

347,200 

2,000 

398,000 

373,800 

352,400 

337,500 

2,500 

394,600 

372,300 

350,400 

335,100 

3,000 

401,100 

375,700 

354,000 

335,400 

ASNM/GAL DISTANCE 
(NM) 

DOCi 5 

DOC30 

DOC50 

BLOCK FUEL 

100 

25.79 

25.79 

25.79 

25.79 

250 

42.71 

42.71 

42.71 

42.71 

i 500 

53.39 

56.02 

57.43 

57.92 

750 

57.92 

61.02 

64.07 

65.29 

1,000 

61.29 

64.47 

67.33 

69.03 

1,500 

63.47 

66.78 

70.94 

73.22 

| 2,000 

63.87 

68.00 

72.13 

75.31 

2,500 

64.41 

68.27 

72.55 

75.85 

3,000 

63.38 

67.66 

71.81 

75.79 

BTU/ASNM DISTANCE 
(NM) 

DOC’1 5 

DOC30 

D0C60 

BLOCK FUEL 

100 

4,904 

4,904 

4,904 

4,904 

250 

2,961 

2,961 

2,961 

2,961 

500 

2,369 

2,258 

2,202 

2,184 

750 

2,184 

2,073 

1,974 

1,937 

■1 II 

2,064 

1,962 

1,879 

1 ,832 


1,993 

1 ,894 

1 ,783 

1,727 

11 II 

1 ,980 

' ! .860 

1,754 

1 ,680 


1,964 

1,853 

1,743 

1 ,668 

II H 

1 ,996 

| 1,869 

1,761 

1,669 
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5.5 N80-2.55 Series Aircraft 

Each member of the Model N80-2.55 series is characterized by four wing-mounted 
engines, a capacity of 201 passengers, and an intercontinental range of 
5,500 nautical miles. 

5.5.1 Configuration Trade Studies 

Due to the relative insensitivity of optimum geometry and optimum cruise Mach 
number to variations in range at each fuel price, no additional geometric 
trade studies were performed on the N80-2.55 series. The geometries were 
chosen from the N80-2.30 study. Configurations were sized for minimum DOC 
at two fuel prices (30 and 60 cents per gallon) and for minimum block fuel, 

5.5.2 Optimum Design Characteristics 

Plan views of the resulting intercontinental aircraft are shown in Figure 77. 
The N80-2.55 characteristics are summarized in Table 67. Additional design 
and weight data for these aircraft are given in Tables 68 and 69, respectively. 

5.5.3 Energy Efficiency 

The variation in block time and block fuel with range at 58 percent load 
factor is presented in Fi-ure 78. The energy efficiency parameters (BTU/NM, 
ASNM/GAL, BTU/ASNM) of uhe N80-2.55 series at 58 percent load factor are 
shown in Figure 79. The optimum range for maximum fuel efficiency appears 
to be about 2,100 to 2,500 nautical miles. These results also appear in 
tabular form in Tables 70 and 71. 
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Ft cure 77 PLAN VIEWS OF OPTIMIZED N80-2.55 AIRCRAFT 
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TABLE 69 

N80-2.55 WEIGHT DATA (LB) 


1.IC TP UT TTPMQ 

OPTIMIZATION PARAMETER 

Whlbnl 1 1 mo - 

DOC 30 

■BH 

BLOCK FUEL 

Wing 

48,531 

53,650 

76,907 

Horizontal Tail 

2,441 

2,258 

2,385 

Vertical Tail 

2,340 

2,411 

3,042 

Fuselage 

30,165 

30,099 

29,767 

Landing Gear 

15,521 

15,203 

16,014 

Flight Controls & Hydraulics 

5,162 

5,125 

6,088 

Propulsion System 

28,067 

25,003 

21,962 

Fuel System 

1,289 

1,379 

1,791 

Auxiliary Power Unit 

1,312 

1,312 

1,312 

Instruments 

975 

965 

972 

Air Conditioning & Pneumatics 

2,852 

2,852 

2,852 

Electrical System 

4,037 

4,03/ 

4,037 

Avionics 

2,215 

2,215 

2,215 

Furnishings 

25,512 

25,512 

25,512 

Anti -Ice 

681 

* 681 

740 

Handling Gear 

no 

108 

114 

Manufacturer's Empty Weight 

171,210 

172,810 

195,710 

Operator Items 

13,190 

13,190 

13,190 

Operational Empty Weight 

184,400 

186,000 

208,900 

Payload 

40,200 

40,200 

40,200 

Zero Fuel Weight 

224,600 

226,200 

249,100 

Fuel 

150,500 

141,300 

137,800 

Takeoff Gross Weight 

375,100 

367,500 

386,900 
















BLOCK TIME AND BLOCK FUEL VS. DISTANCE 
OPTIMUM N80-2.55 AIRCRAFT 
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TABLE 71 


ENERGY EFFICIENCY PARAMETERS VS. DISTANCE - OPTIMUM N80-2.55 AIRCRAFT 

58 PERCENT LOAD FACTOR 


BTU/NM 

DISTANCE (NM) 

doc 30 

doc 60 

BLOCK FUEL 


100 

1,116,000 

1,116,000 

1,116,000 


250 

654,700 

639,800 

632,400 


500 

494,700 

491,000 

491,000 


750 

446,400 

431,500 

431,500 


1,000 

427,800 

405,400 

405,400 


1,500 

412,900 

386,800 

386,800 


I " 

406,400 

379,400 

379,400 



406,700 

383,100 

383,100 


4,000 

414,700 

389,200 

386,800 


5,000 

424,800 

396,900 

392,400 


5,500 

430,500 

403,700 

397,700 

ASNM/GAL 

DISTANCE(NM) 

doc 30 

doc 60 

BLOCK FUEL 


100 

22.78 

22.78 

22.78 


250 

38.83 

39.73 

40.20 


500 

51.38 

51.77 

51.77 


750 

56.95 

58.91 

58.91 


1,000 

59.43 

62.70 

62.70 


I 

61.57 

65.71 

65.71 



62.55 

67.00 

67.00 


3,000 

62.51 

66.35 

66.35 


4,000 

61.29 

65.32 

65.71 


5,000 

59.84 

64.05 

64.78 


5,500 

59.05 

62.96 

63.92 

BTU/ASNM 

DISTANCE(NM) 

doc 30 

DOCgg 

BLOCK FUEL 


100 

5,552 

5,552 

5,552 


250 

3,257 

3,183 

3,146 


500 

2,461 

2,443 

2,443 


750 

2,221 

2,147 

2,147 


1,000 

2,128 

2,017 

2,017 


1,500 

2,054 

1,925 

1,925 


2,000 

2,022 

1,888 

1,888 


3,000 

2,023 

1,906 

1,906 


4,000 

2,064 

1,936 

1,925 


5,000 

2,114 

1,975 

1,953 


5,500 

2,142 

2,009 

1,979 




















5.6 N80-4.30 Series Aircraft 

Each member of the Model N80-4.30 series is characterized by four wing-mounted 
engines, a capacity of 404 passengers, and a range of 3,000 nautical miles, 

5.6.1 Configuration Trade Studies 

Based upon the results of the N80-2.15 and N80-2.30 trade studies, a general 
variation of optimum geometry and cruise Mach number with fuel price was 
derived. Due to the weak sensitivity of DOC to geometry changes, as 
determined earlier for the N80-2.15 and N80-2.30 series, this general 
variation (Figure 80) was assumed to be valid for the N80-4.30 series. The 
configurations were sized for minimum DOC at three fuel prices (15, 30, and 
60 cents per gallon) and also for minimum block fuel. 

5.6.2 Optimum Design Characteristics 

Plan views of the resulting N80-4.30 aircraft are shown in Figure 81. A 
summary of the optimum characteristics is given in Table 72. Additional 
design data is given in Table 73, and a weight statement appears in Table 74. 

5.6.3 Energy Efficiency 

The variation of block time and block fuel with range at 58 percent load 
factor is presented in Figure 82. The energy efficiency parameters (BTU/NM, 
ASNM/GAL, BTU/ASNM) of the N80-4.30 series at 58 percent load factor are 
presented in Figure 83, The optimum range for maximum fuel efficiency appears 
to be about 2,000 to 2,500 nautical miles. The results are also given in 
tabular form in Tables 75 and 76. 
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MODEL N80-4.30 

404 PASSENGERS, 3000 NM RANGE 


O Swept Wing Design _ 

H Straight Wing Design 
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TABLE 74 




ij 


N80-4.30 WEIGHT DATA (LB) 


OPTIMIZATION PARAMETER 


WEIGHT ITEMS 

d°c 15 

D0C 30 

D0C 60 

BLOCK FUEL 

Wi ng 

68,266 

77,451 

85,319 

121,249 

Horizontal Tail 

2,799 

2,334 

2,112 

2,113 

Vertical Tail 

2,506 

2,586 

2,670 

3,216 

Fuselage 

56,434 

56,293 

56,197 

55,764 

Landing Gear 

21,890 

21,540 

21,465 

22,762 

Flight Controls & Hydraulics 

6,991 

6,571 

6,401 

7,227 

Propulsion System 

44,054 

39,447 

36,398 

33,944 

Fuel System 

1,412 

1,524 

1,624 

2,057 

Auxiliary Power Unit 

1,380 

1,380 

1,380 

1,380 

Instruments 

1,771 

1,701 

1,670 

1,657 

Air Conditioning & Pneumatics 

6,549 

6,549 

6,549 

6,549 

Electrical System 

8,126 

8,126 

8,126 

8,126 

Avionics 

2,215 

2,215 

2,215 

2,215 

Furnishings 

52,805 

52,805 

52,805 

52,805 

Anti -Ice 

827 

805 

797 

855 

Handling Gear 

155 

153 

152 


Manufacturer's Empty Weight 

278,180 

281,480 

285,880 

■ 

Operator Items 

23,220 

23,220 

23,220 

l 

Operational Empty Weight 

301 ,400 

304,700 

309,100 

345,300 

Payload 

80,800 

80,800 

80,800 

80,800 

Zero Fuel Weight 

382,200 

I 

389,900 


Fuel 

145,200 

■ 

127,300 

122,100 

Takeoff Gross Weight 

527,400 

519,100 

517,200 

548,200 
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BLOCK TIME AND BLOCK FUEL VS. DISTANCE 
OPTIMUM NSQ-4.30 AIRCRAFT 
5' PERCENT LOAD FACTOR 
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TABLE 76 


ENERGY EFFICIENCY PARAMETERS VS. DISTANCE - OPTIMUM N80-4.30 AIRCRAFT 


58 PERCENT LOAD FACTOR 


BTU/NM DISTANCE DOC 1( - 

(NM) ,b 



750 

1 ,000 

1.500 

2,000 

2.500 
3,000 


DISTANCE 

(NM) 


100 

250 

500 

750 

1,000 

1,500 

2,000 


D0C 15 

D0C 30 

D0C 60 

BLOCK FUEL 

1,264,800 

1,264,800 

1,264,800 

1,264,800 

892,800 

863,000 

848,100 

840,700 

770,000 

725,400 

699,300 

699,300 

721,600 

677,000 

647,200 

644,800 

703,000 

651,000 

623,100 

619,300 

684,400 

634,800 

605,100 

597,600 

682,600 

630,500 

599,800 

590,500 

684,400 

630,900 

598,100 

589,200 

694,400 

637,300 

606,900 

593,300 

doc 15 

D0C 30 

D0C 60 

BLOCK FUEL 

40.40 

40.40 

40.40 

40.40 

57.23 

59.21 

60.25 

60.78 

66.36 

70.44 

73.06 

73.06 

70.80 

75.47 

78.94 

79.25 

72.68 

78.49 

82.01 

82.50 

74.65 

80.48 

84.44 

85.49 

74.86 

81.04 

85.18 

86.53 

74.65 

80.99 

85.42 

86.72 

73.59 

80.17 

84.18 

86.12 

DOC] 5 

D0C 30 

DOCgo 

BLOCK FUEL 

3,131 

3,131 

3,131 

3,131 

2,210 

2,136 

2,099 

2,081 

1 ,906 

1,796 

1,731 

1,731 

1,786 

1,676 

1,602 

1,596 

1,740 

1,611 

1,542 

1,533 

1,694 

1,571 

1,498 

1,479 

1,690 

1,561 

1,485 

1,462 

1,694 

1,562 

1,481 

1,459 

1,719 

1,578 

1,502 

1,469 





































5.7 N80-4.55 Series Aircraft 

Each member of the Model N80-4.55 series is characterized by four wing-mounted 
engines, a 404 passenger seating capacity, and an intercontinental range of 
5,500 nautical miles. 

5.7.1 Configuration Trade Studies 

Due to the relative insensitivity of optimum geometry and optimum cruise 
Mach numbers to variations in range, no additional geometry optimization 
trades were conducted for the N80-4.55 series. The geometries were chosen 
from the N80-4.30 results. The configurations were sized for minimum DOC 
at two fuel prices (30 and 60 cents per gallon) and minimum block fuel. 

5.7.2 Optimum Design Characteristics 

Plan views of the resulting N80-4.55 intercontinental aircraft are shown in 
Figure 84. A summary of the characteristics of the series is given in 
Table 77 , and additional design and weight data for these aircraft are given 
in Tables 78 and 79. 

5.7.3 Energy Efficiency 

The variation of block time and block fuel with range at 58 percent load 
factor is presented in Figure 85. The energy efficiency parameters (BTU/NM, 
ASNM/GAL , BTU/ASNM) of the N80-4.55 aircraft at 58 percent load factor are 
presented in Figure 86. The optimum range for maximum fuel efficiency 
appears to be about 3,000 nautical miles. These results are also tabulated 
in Tables 80 and 81. 
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OPTIMUM N80-4.55 AIRCRAFT CHARACTERISTICS 
4 CF6-6D Type Engines , 404 Passengers, 5,500 NM Range 



194 


(1) At Design Range, 100 Percent Load Factor 

(2) Straight Rear Spar 



N80-4.55 DESIGN DATA 


'!/ 
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WEIGHT ITEMS 


TABLE 79 

N80-4.55 WEIGHT DATA (LB) 


OPTIMIZATION PARAMETER 


BLOCK FUEL 


Horizontal Tail 
Vertical Tail 
Fuselage 
Landing Gear 

Flight Controls and Hydraulics 
Propulsion System 
Fuel System 
Auxiliary Power Unit 
Instruments 

Air Conditioning & Pneumatics 

Electrical System 

Avionics 

Furnishings 

Anti -Ice 

Handling Gear 


Operator Items 

Operational Empty Weight 
Payload 

Zero Fuel Weight 
Fuel 

Takeoff Gross Weight 


109,934 

3,458 

3,330 

58,245 

29,303 

8,449 

49,478 

1,723 

1,380 

1,855 

6,549 

8,126 

2,215 

52,805 


Manufacturer's Empty Weight 337,980 


23,220 


361,200 

80,800 


442,000 

262,700 


121,584 

3,064 

3,459 

57,979 

29,169 

8,223 

45,863 

1,836 

1,380 

1,809 

6,549 

8,126 

2,215 

52,805 


345,180 


449.200 

252.200 


172,925 

2,930 

4,302 

57,329 


31,094 


9,054 

43,215 

2,295 

1,380 

1,771 

6,549 

8,126 

2,215 

52,805 



501,200 

246,400 













MODEL N80-4.55 


• DESIGN FLIGHT PROFILE (FIGURE 51) 
t 58% LOAD FACTOR 


BLOCK 

TIME 

(HR) 




FIGURE 85. BLOCK TIME AND BLOCK FUEL VS. RANGE 
OPTIMUM N80-4.55 AIRCRAFT 
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MODEL N80-4.55 

• DESIGN FLIGHT PROFILE (FIGURE 51 ) 

• 58% LOAD FACTOR 


-BLOCK FUEL 


•BLOCK FUEL 
*— DOCgO 

DOC 30 



D0C3fl 

— DOCgO 
-BLOCK FUEL 


2 3 4 

RANGE (1000 NM) 

ENERGY EFFICIENCY PARAMETERS VS, 
OPTIMUM N80-4.55 AIRCRAFT 


RANGE 




BLOCK TIME AND BLOCK FUEL VS, DISTANCE - OPTIMUM N80-4.55 AIRCRAFT 

58 PERCENT LOAD FACTOR 
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DISTANCE (NM) 


100 

250 

500 

750 

1,000 

1.500 
2,000 

3.000 

4.000 

5.000 

5.500 


DISTANCE (NM) 


uul 30 


1 ,627,500 

1,031,100 

835,800 

773.200 

744.000 
714,900 
702,700 

703.200 

716,100 

734.000 

744.000 


100 

31.40 

250 

49.55 

500 

61.13 

750 

66.08 

1,000 

68.68 

1,500 

71.47 

2,000 

72.72 

3,000 

72.66 

4,000 

71.36 

5,000 

69.61 

5,500 

68.68 

DISTANCE(NM) 

DOC 30 

100 

4,028 

250 

2,552 

500 

2,069 

750 

1,914 

1,000 

1,842 

1,500 

1,770 

2,000 

1,739 

3,000 

1,741 

4,000 

1,773 

5,000 

1,817 

5,500 

1,842 


duc 60 


1,627,500 

1 ,035,600 

840.300 

776,400 

745.800 

712.300 

695.600 

689.600 

697,500 

710.800 

718.600 


doc 60 


31.40 

49.34 

60.81 

65.81 

68.51 

71.73 

73.45 

74.09 
73.26 
71.88 

71.10 


DOCgQ 


4,028 
2,563 
2,080 
1 ,922 
1,846 
1,763 
1 ,722 
1,707 
1,726 
1,760 
1,779 


BLOCK FUEL 


1,627,500 

1 ,038,600 
842,900 

778.400 
746,700 

708.400 

686.500 

677.500 

685,800 

701.100 

710.100 


BLOCK FUEL 


31.40 

49.20 

60.62 

65.64 

68.42 
72.13 

74.43 
75.42 
74.50 
72.88 
71.95 


BLOCK FUEL 


4,028 

2,571 

2,087 

1,927 

1,848 

1,753 

1,699 

1,677 

1,698 

1,736 

1,758 
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5.8 Comparison of New Near-Term Aircraft 

The results of the new near-term aircraft study are discussed in terms 
of fuel savings, the effects of fuel price on design, and payload-range 
capabilities. 

5.8.1 Fuel Savings Comparison 

The fuel use parameters for all of the N80 aircraft at their design ranges 
are shown in Figure 87. The results show the effect of design fuel price 
on energy efficiency. The energy efficiency penalty for long ranges is also 
shown. As the range increases, the payload capacity must also be increased 
to maintain high energy efficiencies. 

The sensitivity of N80 fuel use with design fuel price is shown in Figure 88. 
Each curve in Figure 88 represents data at one-- third of the aircraft design 
range, which corresponds to typical average ranges for aircraft in the domestic 
fleet. Fuel savings due to geometry optimization improve more gradually at the 
higher fuel prices. Both design fuel price and design cruise Mach number 
have a large effect on fuel use, as shown for the N80-2.30 at its design 
range in Figure 89. Note that the airplane optimized for DOC at a fuel 
price of 60 cents per gallon has fuel efficiency very close to that of the 
minimum fuel aircraft. 

Figure 90 shows the effect of design range on the additional fuel used by 
a minimum DOC design, relative to a minimum fuel design. The difference 
varies little with design range. 

The N80 aircraft can save a considerable amount of fuel, relative to existing 
baseline aircraft in the fleet, as shown in Figure 91. Comparisons are made 
in terms of BTU/ASNM at one-third of the design range of the N80 airplanes. 

The fuel use improvements due to new technology appear to be very large, but 
require some qualification because airplanes with unequal capabilities are 
being compared. In particular, the N80 airplanes were designed to carry only 
a full cabin payload plus baggage, while existing aircraft in the fleet are 
sized to carry cargo in addition to a full load of passengers and bags. Also, 
the design flight profiles for the N80 airplanes include cruise climb, which 
is more efficient than the step altitude profiles used to calculate fuel 
burned by the baseline airplanes in the fleet. 
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The N80-2.15 family has a considerable edge over the DC-9-30 in seat-mile 
fuel economy, most of which is due to the N80-2.15 having more than twice 
as many seats. Also, in comparing the N80-2.15 to the DC-10-10, it must be 
emphasized that the relatively long-range DC-10-10 is being compared at 500 
nautical miles to an aircraft family optimized for short ranges. Similarly, 
the N80-4.30 family seat-mile fuel economy is substantially better than the 
substantially smaller DC-8-61 and DC-10-10; and the design ranges of the 
DC-8-61 and DC-10-10 are greater than for the N80-4.30. 

The N 80-2. 30 and DC-8-61 have similar passenger capacities, but different 
design ranges. The N80-2.30 and DC-10-10 have different capacities and 
design ranges. So comparisons are not on a consistent basis, but these 
are the closest aircraft types for which comparisons are available. By 
interpolating the 30 cent and 60 cent cases for the N80-2.30 in Figure 91, 
it appears that, at a design fuel price of 45 cents per gallon, the N80s 
are approximately 26 percent more efficient than current narrow-body aircraft 
and 16 percent more efficient than current wi de-body aircraft. However, 
considering differences in payload-range capabilities and cruise altitude 
profiles, the efficiencies of the N80s would be more accurately placed at 
20 percent better than narrow-body aircraft and 10 percent better than 
current wide-body aircraft. 

5.8.2 Effect of Fuel Price on N80 Designs 

The optimum cruise Mach numbers for the N80 families are shown in Figure 92 
as a function of the design fuel price and the optimization parameter. The 
N80 prefix is deleted from the aircraft designations for simplification. 

All N80 minimum fuel designs have a cruise Mach number of 0.70, which was 
a study groundrule lower limit (see Sections 5.1 and 5.3.1). However, 
independent DAC studies for aircraft having a similar technology level have 
indicated that the optimum Mach number for energy efficiency is closer to 
0.65M. The exact value is highly dependent upon the assumed relationship 
between aspect ratio and wing weight; and the high aspect ratios associated 
with minimum fuel designs make accurate preliminary wing weight predictions 
difficult, because of limited data on flutter weight penalties for high 
aspect ratio wings. 
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Figure 93 shows the effect of the design fuel price and the optimization 
parameter on aspect ratio. All N80 families follow a similar trend. The 
aspect ratio values for the DC-8-63, DC-10-40, and B-747 are shown for 
comparison. Higher design fuel prices for the N80 aircraft resulted in 
significantly higher aspect ratios for the minimum DOC airplanes. The 
aspect ratios for minimum fuel designs are even higher, but were limited to 
a maximum of 15.5 because predicted wing weights for higher aspect ratios 
are less reliable. 

Large wing spans are associated with the high aspect ratios of the N80 
airplanes, as shown in Figures 63, 73, 77, 81, and 84, and summarized in 
Figure 94. In particular, the wing spans of the minimum fuel designs all 
exceed the span of the DC-10-40; and the N80-4.55^p wing span is nearly 
300 feet. 

The airline co-contractor expressed concern about the airport terminal 
compatibility of high aspect ratio winged aircraft. Consequently, the 
sensitivities of DOC and fuel use to changes in aspect ratio were examined. 
Figure 95 shows that the DOC for minimum DOC designs increases only about 
one percent when the aspect ratio is reduced 2 points from the optimum. 
Figure 62 shows that the fuel burned by minimum fuel designs increases only 
about one percent when the aspect ratio is reduced from the optimum value 
of 15.5 to 13. 

5.8.3 Payload-Range Capability 

The N80 aircraft pay! oad-range capabilities are presented in Figures 96 
and 97. The N80-2.55 series is fuel volume limited. 
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MODEL N80 AIRCRAFT 


t DESIGN FLIGHT PROFILE (FIGURE 51) 
• 100% LOAD FACTOR 


Design Fuel Price/Gal 

.so* 



400 

Psgr 


Design Fuel Price/Gal 
^ 30 * 


400 

Psgr 


Design Fuel Price/Gal 

30* 

60* 

MF 


Design Fuel Price/Gal 


iiTiiu 


DESIGN RANGE (NM) 

FIGURE 87. ENERGY EFFICIENCY PARAMETERS AT DESIGN RANGE FOR OPTIMUM N80 AIRCRAFT 




FIGURE 88. EFFECT OF DESIGN FUEL PRICE ON FUEL USE 
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DESIGN CRUISE MACH NUMBER 



INCREASE IN BLOCK FUEL, 
RELATIVE TO MINIMUM FUEL DESIGN 


N80 AIRCRAFT 


• GEOMETRY OPTIMIZED FOR MINIMUM 
DOC 0 30 CENTS/GALLON 


25 r 


20 


O 201 Passenger 

q 404 Passenger 



1000 2000 3000 4000 5000 


DESIGN RANGE (NM) 


FIGURE 90. N80 BLOCK FUEL VS. DESIGN RANGE 


I 

6000 
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COMPARISON OF (BTU/ASNM) AT 1/3 DESIGN RANGE 
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FIGURE 91. NEW NEAR-TERM AIRCRAFT FUEL SAVINGS 






FIGURE 92. NEW NEAR-TERM AIRCRAFT CRUISE MACH NUMBER COMPARISON 
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FIGURE 93. NEW NEAR-TERM AIRCRAFT ASPECT RATIO COMPARISON 
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FIGURE 94. NEW NEAR-TERM AIRCRAFT WING SPAN COMPARISON 
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FIGURE 95. EFFECT OF WING ASPECT RATIO ON DOC 



RANGE (1000 NM) 

PAYLOAD-RANGE ENVELOPES FOR DOMESTIC RANGE N80 AIRCRAFT 
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RANGE (1,000 NM) 

FIGURE 97. PAYLOAD-RANGE ENVELOPES FOR INTERNATIONAL RANGE N80 AIRCRAFT 
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5.9 Acoustical Analysis 

FAR Part 36 noise levels were estimated for the three domestic range families 
of N80 aircraft. Effective perceived noise level (EPNL) maps and 85, 90, 
and 95 EPNdB noise contours were generated for six of the aircraft configura- 
tions. 

5.9.1 Nacelle Configuration Definition 

Exhaust nozzle configuration - A separate exhaust nozzle configuration 
(coaxial) was used to evaluate the N80-2.15 and N80-4.30 aircraft, which used 
CF6-6D type engines. A conical exhaust, mixed nozzle configuration was used 
to evaluate the N80-2.30 aircraft with CFM-56 type engines. 

Nacelle acoustic treatment configuration - Acoustic treatment was applied 
to the fan inlet, fan exhaust, and the turbine cowl walls. Acoustically 
treated rings were not included in the analysis. Multiple degree of freedom 
acoustically absorptive liners were assumed for the fan inlet and fan exhaust 
duct acoustic treatment. A single degree of freedom acoustically absorptive 
liner was assumed for the turbine exhaust acoustic treatment. 

5.9.2 Noise Analysis Procedure 

FAR Part 36 noise levels and EPNL maps - The engines used for the noise, 
analysis of the N80 aircraft were the CF6-6D and CFM-56 high bypass ratio 
turbofan engines scaled in thrust and size as necessary to meet the aircraft 
performance requirements. Engine cycle parameters and aircraft performance 
parameters obtained from the PASAP sizing program provided the inputs for 
the DAC noise prediction technique used in estimating flyover noise levels 

and for generating EPNL maps. 

The prediction procedure utilized static noise data from engines A and C of 
the NASA quiet Engine Program (References 17 and IB) and flyover noise data 
from DC-8, DC-9, and DC-10 aircraft. Data inputs Included fan pressure 
ratio, fan tip velocity, bypass ratio, total inlet flow rate, nozzle exit 
velocity, and nozzle exit area. The peak perceived noise levels (PNLM) were 
calculated for the fan Inlet, fan exhaust, turbine, core, and Jet noise 
sources. Adjustments were made for the number of engines, distance from 
the airplane, and acoustic treatment. The flyover noise level (EPNL) was 
determined by adjusting the maximum calculated PNL for flight effects and 

duration. 
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Noise Contours - Using a Douglas-developed noise contour program, noise 
contours of 85, 90, and 95 EPNdB were generated for the takeoff and 3 degree 
approach flight paths of the aircraft optimized for minimum DOC at 15 cents 
per gallon and for minimum fuel use. The program inputs consisted of EPNL 
map data, airplane altitude, airspeed, flap setting, and fan rotor speed. 
Adjustments were made to the calculated EPNL values for airspeed variation 
from the reference airspeed and for ground attenuation based on Reference 19. 

5.9.3 FAR Part 36 Noise Level Estimates 

Sideline - The sideline noise levels are below the FAR Part 36 requirement by 
9 EPNdB for all two-engine aircraft and by 12 EPNdB or more for all four- 
engine aircraft {see Table 82a). 

Takeoff (Cutback) - The takeoff (cutback) noise levels are below the FAR 
Part 36 requirements by 10 EPNdB or more for the two-engine and four-engine 
201 passenger aircraft, and are 6 to 8 EPNdB below the FAR Part 36 require- 
ment for the four-engine 400 passenger aircraft (See Table 82b). 

Approach - The minimum fuel optimized aircraft within each family have the 
lowest approach noise levels, ranging from 5 to 9 EPNdB below the FAR Part 36 
requirement (see Table 82c). The two-engine, 201 passenger family of air- 
craft (N80-2.15) have estimated approach noise levels ranging from 3 to 7 
EPNdB below the requirement. The four-engine, 201 passenger family of air- 
craft (N80-2.30) have estimated approach noise levels ranging from 5 to 9 
EPNdB below the requirement. The four-engine, 404 passenger family of 
aircraft (N80-4.30) have estimated approach noise levels ranging from 1 to 5 

EPNdB below the requirement. 

5.9.4 EPNL vs Distance and Noise Contours 

EPNL maps are presented in Figures 98 through 103. Noise contours of 85, 

90, and 95 EPNdB are presented in Figures 104 through 109, 

Figure 110 presents a comparison of noise contour areas as a function of 
noise levels of the contours for the aircraft configurations studied. The 
N80-2.30 four-engine aircraft family with the CFM-56 type (mixed flow) 
engines resulted in the smallest contour areas. The N80-4.30 four-engine 
aircraft family with the CF6-6D type engines had the largest contour area. 
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The differences in total contour areas between the aircraft optimized for 
DOC at 15 cents per gallon and the minimum fuel aircraft are small within 
each aircraft family. 

The approach areas for the minimum fuel configurations range from 50 to 75 
percent less than those for the minimum DOC at 15 cents per gallon configura- 
tions, due to the lower landing thrust requirements for the minimum fuel 
aircraft. The takeoff areas for the minimum fuel configurations range up 
to 31 percent greater than those for the minimum DOC at 15 cents per gallon 
configurations, due mainly to the lower altitudes attained by minimum fuel 
aircraft during takeoff. The net effect of optimization parameter on total 
noise contour area is small as shown in Figure 110. 
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TABLE 82 

NOISE LEVELS OF OPTIMIZED N80 AIRCRAFT 


a) SIDELINE NOISE LEVELS 


AIRCRAFT 

EPNdB/ AEPNdB RELATIVE TO FAR 36 


DOC] 5 

DOC 30 

0 

0 

0 

CTl 

O 

BLOCK FUEL 

N80-2.15 

96/— 9 

96/— 9 

96/-9 

96/ -9 

N80-2.30 

87/ -19 

87/ -19 

87/ -19 

87/-19 

N80-4.30 

95/-13 

95/— 1 3 

95/-13 

96/-12 


b) TAKEOFF (CUTBACK) NOISE LEVELS 


AIRCRAFT 

EPNdB/ A EPNdB RELATIVE TO FAR 36 

DOC 15 

DOC 30 

D0C 60 

BLOCK FUEL 

N80-2.15 

87/— 1 4 

87/- 14 

88/-13 

88/-13 

N8G-2.30 

88/-14 

89/— 1 3 

91/-11 

92/^10 

N8G-4.3Q 

99/-8 

100/-7 

100/-7 

101/-6 


c) APPROACH NOISE LEVELS 


AIRCRAFT 

EPNdB/ A EPNdB RELATIVE TO FAR 36 


DO^i 5 

doc 30 

DOCgQ 

BLOCK FUEL 

N80-2.15 

1 02 /— 3 

101/-4 

1 00/ —5 

98/ -7 

N80-2.30 

101/-5 

100/-6 

100/ -6 

97/— 9 

N80-4.30 

107/-1 

106/ -2 

105/-3 

103/-5 
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FIGURE 100. EPNL MAP FOR N80-2.30-,g AIRCRAFT 
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FIGURE 104. ESTIMATED NOISE CONTOURS FOR N80-2.15-|g AIRCRAFT 
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FIGURE 108. ESTIMATED NOISE CONTOURS FOR N80-4.30, R AIRCRAFT 
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FIGURE 109. ESTIMATED NOISE CONTOURS FOR N80-4.30 MF AIRCRAFT 
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CURVE 

NO. 

AIRCRAFT CONFIGURATION 

AIRCRAFT 

NO. 

ENG. 

NO. 

PSGR. 

RANGE 

(MM) 

OPTIMIZATION 

PARAMETER 

© 

N80-2.15 

2 

201 


DOC <s> 15*/ GAL. 

© 

N80-2.15 

2 

201 


BLOCK FUEL 

© 

N80-2.30 

4 

201 


DOC (s> 1 5*/GAL . 

© 

N80-2.30 

4 

201 

3000 

BLOCK FUEL 

© 

N80-4.30 

4 

404 

3000 

DOC 0 15*/GAL. 

© 

N80-4.30 

4 

404 

3000 

BLOCK FUEL 


AREA 
WITHIN 
NOISE 
CONTOUR 
(SQ.MI . ) 



EFFECTIVE PERCEIVED NOISE LEVEL (EPNdB) 


FIGURE 110. EPNL CONTOUR AREA COMPARISON FOR AIRCRAFT 
CONFIGURATIONS WITH OPTIMIZATION PARAMETERS 
OF MINIMUM DOC 0 15i/GALLON AND MINIMUM FUEL 
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SECTION 6.0 

TURBOPROP CONFIGURATION STUDIES 

Fuel conservation studies for .edified, derivative and new near-tm 
were previousiy analysed and reported in Sections 4.0 and 5.0. Tins section 
considers potentia! improvements in fuel use due to advances ,n turboprop 
propulsion system technology and wing aerodynamics. Advanced structures 

technology was not considered. The advanced propulsion and aero ynamic 

• nn p baseline aircrafts and tne 

i-prhnol oaies were incorporated on a ut y ju udbeim 

potential savings in fuel and improvements in range capability were assesse . 

The advanced turboprop propulsion system incorporates a Hamilton Standard 
propfan, which is a multi-bladed, variable pitch propeller using swe 1 
tips and supercritical blade sections. Aerodynamic improvements include 
supercritical wing section, greater sweep, and a higher aspect ratio. 

In addition to the baseline DC-9-30 aircraft (with turbofan power and con- 
ventional wing), three derivative aircraft will be discussed. The DC-9-30D4 

has aft fuselage-mounted turbofan engines and an all new supercritica wing^ 

, u q 'inn'} HpQrribed in Ssction 4*0, but. was 
The DC-9-30D4 is identical to the DC-9-30D3, desenoea 

renumbered in this section because a different flight profl e was i use o 
allow consistent comparisons with the turboprop a-craft J DC-9-30 

slightly different fuel consumption and payload-range cap 

baseline flight profile was also changed slightly for the same reason, but ts 

designation remains the same. The DC-9-30D5 has two propfan engines mounted 

° 9 . . m nr Q wind The DC-9-30D6 has two propfan 

on a strengthened, conventional DC-9-30 wing, me u 

engines, mounted on a strengthened DC-9-3004 supercritical wing. 

6.1 Advanced Turboprop Propulsion re0re5 ents 1985 technology. 

The turboshaft engine performance used in this study ^ reS6nt5 
as provided in recent Pratt & Whitney STS 476 and Allison PD 370 studies. 

The propeller performance is based upon the Hamilton Standar prop a 

As part of this study, a propfan parametric analysis was 

the data contained in Reference 20. The analysis encompassed 6 and 8 b d 
600 to 800 fps static tip speed, power loading (SHP/0*) values ™ 88 

for takeoff and from 35 to 50 at 35,000 ft. cruise altitude. 
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propeller efficiency values ranging from 0.65 to 0.80 at 35,000 ft. cruise 
altitude. 

The propfan parametric study disclosed the following trends for a fixed cruise 
Mach number: (1) As propfan design tip speed is decreased: propfan cruise 

efficiency, maximum takeoff thrust, and takeoff thrust degradation decrease; 
while propfan diameter, engine size, and power plant weight (engine, gearbox, 
and propfan) increase. (2) As power loading is increased: cruise efficiency, 

takeoff thrust, diameter, and powerplant weight decrease; however, takeoff 
thrust degradation and required engine size increase. 

Takeoff thrust degradation is illustrated in Figure 111. Propfan thrust 
levels at speeds below 0.1 Mach are unusually low for propellers, as a 
result of their being optimized for high speed cruise. Unlike current 
propellers, which have a static thrust-to-horsepower ratio of 3 to 5, the 
propfan ratio is less than 1.0. For the study propfan airplanes, the propfan 
diameter is 13.0 feet and the equivalent static shaft horsepower is 13,400 HP. 
With a static thrust of 5,650 pounds, the value of (T/ESHP)<. ta .j..j c = 0.422. 

The propfan static and low speed thrust can be improved somewhat if the 
throttle is applied gradually during the takeoff roll. This reduces the 
power loading, which helps to minimize blade tip stall. Static and low 
speed thrust can also be improved by choosing a larger diameter propeller, 
if necessary. The propeller chosen for the study airplane provides a 
weighted average thrust during the takeoff sequence equivalent to that of the 
JT8D-9 engine. Smaller diameter propfans require more power and have a 
greater thrust degradation below 0.1 M. 

Because of the limited amount of propfan design data available when the 
above parametric study v/as conducted, an accurate selection of the optimum 
propeller for the propfan installation could not be completed. Accordingly, 
the following design ground rules were adopted for the propfan: (1) 8 blades 

to minimize diameter; (2) a static tip speed of 720 fps, in order that the 
Electra turboprop aircraft could be used as a possible reference pent for 
future studies of interior noise levels; (3) a weighted average thrust during 
the takeoff sequence equivalent to that of the turbofan engine (to account 
for degradation in propfan thrust at speeds below 0.1 Mach); (4) a spanwise 
location for the powerplant representing a preliminary choice between 
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FIGURE 111. THRUST VS. MACH NUMBER FOR PROPFANS AND TURBOFANS 
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passenger comfort levels (interior noise and vibration), and the effects of 
the propfan slipstream on aileron control and of the one-engine-out emergency 
condition on the vertical tail size. 


6.2 Configuration Studies 

The new wing and/or powerplant were incorporated into the three derivative 
aircraft with a minimum of configuration changes to the baseline. The^ 
derivative airplanes were not resized to the same payload-range specifications 
as the baseline aircraft. Instead, the gross weight and payload were held 
const it; the supercritical wing was sized to meet the approach speed capabi- 
lity of the DC-9-30; the empty weight and fuel capacity were changed as 
required; and the range capability was determined as the result of the com- 
bination of fuel capacity changes and improved technology. The two propfan 
aircraft were rebalanced to allow for the forward location of the powerplants. 


and their vertical tails were resized for the one-engine-out emergency 


condition (the critical condition for determining vertical tail size for 
aircraft with wing-mounted engines). Specifications for takeoff, approach, 


and cruise performance of the propfan aircraft were chosen to match baseline 
DC-9-30 performance. The cruise condition for sizing the propfan installa- 


tions was 0.80 Mach at 30,000 feet at maximum cruise weight. 


The specifications and propfan design ground rules resulted in the selection 
of a propfan propulsion system installation with a sea level static power 
loading of (SHP/D 2 ) stat1c = 13,400/(13) Z = 79.3 and a design point cruise 

power loading of (SHP/D 2 ) Cruise = 45.3. Figures 112 and 113 show the DC-9 

propfan aircraft configurations. The propfan powerplants were located at 
41 percent semi -span, and were mounted forward of the wing structural box to 
facilitate access and removal. This spanwise location provides a propeller 
tip-to-fuselage clearance of 56 percent of the propeller diameter and the 
propeller slipstream does not wet the ailerons. However, at this spanwise 
location, the asymmetric thrust in the one-engine-out condition requires 
a 30 percent increase in the vertical tail area and a change from a single 
to a dual hinge rudder. These changes in the vertical tail are required 
in addition to the large increase in tail arm resulting from a 100-inch 
forward relocation of the wing on the fuselage to rebalance the aircraft 
with the wing-mounted engines. 
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GENERAL CONFIGURATION, DC-9-30D5 PROPFAN 
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Figure 113 summarizes the results of the tail configuration study. Tv/o 
arrangements are shown, the current T-tail configuration and a conventional 
configuration made possible by the removal of the aft fuselage-mounted 
turbofans. In the T-tail arrangements, with the longer tail arm, the basic 
horizontal tail is adequate for control. In the conventional tail arrangement, 
the shorter tail arm requires a 24 percent increase in horizontal tail area. 
Because of the smaller tail area for the T-tail arrangement and its separa- 
tion from the propeller slipstream, the T-tail configuration was chosen for 

this study. 

Figure 114 shows the interior arrangement for the turboprop DC-9 configura- 
tions. Although the seating arrangement was changed from that of the 
baseline DC-9-30 (Figure 14), in order to locate the lavatories in the 
propeller plane, the total number of seats is unchanged. 

Various nacelle and landing gear configurations were investigated for the 
turboprop airplanes. Figure 115 compares four landing gear arrangements 
on a nacelle with underwing exhaust. Spreading the wheels apart reduces 
nacelle depth but overall frontal area increases. The arrangement shown in 
Figure 116, with overwing exhaust, upper or lower inlet duct, and landing 
gear in the fuselage, allows for the slimmest nacelle and shortest main 

gear. 

6.3 Aircraft Weights 

Table 83 shows the summary of the geometry and weight data for the turbofan 
and propfan airplanes. The baseline airplane weights represent a typical 
DC-9-30 airplane. The three derivative airplanes were configured with 
maximum commonality to the baseline airplane and their weights were derived 
with the same philosophy. Design weight changes to the baseline airplane 
are as follows: 

The D4 configuration represents a DC-9-30 with a supercritical airfoil wing 
and DC-9 type high lift devices. The weight change for the wing was the 
result of the combined effects of the increased depth of the ribs, bulkheads 
and leading edge for the supercritical airfoil, the higher wing aspect ratio, 
the higher wing sweep, and the smaller wing area. The flight controls and 
hydraulic system weights were reduced to reflect the smaller wing area. 
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FIGURE 114. INTERIOR ARRANGEMENT, DC-9-30D5 AND DC-9-30D6 PROPFANS 



CONFIGURATIONS WITH MAIN GEAR STOWED IN NACELLE 



















TABLE 33 

GEOMETRIC AND WEIGHT DATA 


DESCRIPTION 

DC-9-30 D 
Baseline ( 

GEOMETRY DATA: 


Wing Area - Trapezoidal (Ft ) 

1,001 

Wing Aspect Ratio 

8.7 

Wing Sweep @ C/4 (Deg) 

24.5 

Wing Thickness Ratio 

.11 

Wing Taper Ratio 

.2 

High Lift System j 

DC-9 Type 

Propulsion System j 

TF 

Wing Type 2 j 

DC-9 

Horiz. Tail Area (Ft ? ) 

276 

Vert. Tail Area (Ft ) 1 

161 

No. of Passengers (Mixed Class) j 

i 

92 

x i 

WEIGHT DATA: (Lb/Airplane) | 

Baseline Operational Empty Wt. : 

57,900 

Weight Changes: j 

Wing 

0 

Tail 

0 

Fuselage 

o 

Propulsion System 

0 

Furnishings 

0 

Remaining Systems 

0 

TOTAL WEIGHT CHANGE 

0 

OPERATIONAL EMPTY WEIGHT 

57,900 

Maximum Payload 

29,800 

Maximum Zero Fuel Weight 

87,700 

Maximum Fuel Capacity 

24,650 

Maximum Landing Weight 

99,000 

Takeoff Gross Weight 

108,000 

Maximum Ramp Weight 

109,000 


900 

10.2 

30.5 

.139 

.3 

Same 

TF 

SCW 

276 

161 

92 


1,001 

8.7 

24.5 

.11 

• 2 ! 
Same j 

TP ! 
DC-9 i 
276 i 
209 i 


900 

10.2 

30.5 

.139 

.3 

Same 

TP 

SCW 

276 

209 

92 


57,900 

57,900 i 

57,900 

280 

167 : 

447 

0 

346 

346 

0 

417 ! 

417 

0 

1,737 j 

1,737 

0 

383 

383 

-100 

270 1 

170 

180 

3,320 | 

! 

3,500 

58,080 

61,220 ! 

1 

i 

61,400 

29,800 

i 

29,800 

29,800 

87,880 

91,020 

91,200 


* * 

23,715’ 

23,865 

24,500 

99,000 

99,000 

99,000 

108,000 

108,000 

108,000 

109,000 

109,000 

t ... ■ — 

109,000 


NOTE: * Outer and center wing maximum capacity 

** Outer wing maximum capacity 
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The D5 configuration represents a DC-9-30 with two wing-mounted propfan 
engines. The weight change for the wing was the result of the combined 
effects of the higher torsional loads created by the location of the 
engines and the additional engine support structure, and a weight savings 
resulting from relief in wing bending loads due to the dead weight of 
the engines. 

The D6 configuration represents a DC-9-30 with two wing-mounted propfan 
engines and a supercritical airfoil wing with DC-9 type high lift devices. 

The weight change for the wing represents the combined penalties of 
configuration D4 and D5. The weight penalties for the tail, fuselage, 
propulsion system, and furnishings are the same as for configuration D5. 

The remaining system weights are the same as for configuration D5, except 
the flight control and hydraulic weights are reduced to reflect the smaller 

wing area. 

The tail weight penalty for the D5 and D6 configurations was due to the 
larger vertical stabilizer with dual hinged rudder required for one-engine- 
out control. The fuselage weight penalty was the net result of removing 
the basic DC-9 aft engines, and adding fuselage structure for propeller 
noise and engine vibration attenuation. The removal of the aft-mounted 
engines reduces the aft fuselage bending moments, thereby reducing the 
weight of the fuselage structure. The aft engine mounting structure 
weight is also removed. The additional fuselage structure for propeller 
noise and engine vibration attenuation (placed one-half propeller diameter 
forward of the propeller plane to one propeller diameter aft of the 
propeller plane) includes higher skin gages, smaller longeron spacing, 
and additional vibration dampening material. 

The propulsion system weight change reflects the replacement of the 

basic turbofan engine installation with a propfan engine installation. The 

propeller and gear box weights were derived from weight data in Reference 21 
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The propeller and gear box weights reflect Hamilton Standard advanced 
technology weight reductions of 11 percent and 6 percent, respectively. The 
turboshaft engine weight is based on the Allison PD 370-17 shaft horsepower- 
to-weight ratio (Figure 117). The nacelle and engine systems weights were 
based on previous turboprop engine studies. 

The furnishings weight change reflects additional cabin insulation required 
to reduce inside cabin noise produced by the propellers. 

The remaining systems weight changes include a weight penalty for the pneumatic 
system for an additional supercharger and related equipment; flight controls 
and hydraulic system weight penalties for the larger, double hinged rudder; 
and a reduction in the electrical and fuel system weights due to the shorter 

run lengths. 

6.4 Mission Profile and Performance Assumptions 

The mission profile used for the DC-9-30, D4, D5 and D6 is the same as that 
shown in Section 1.1 with certain simplifying assumptions. 

In general, no step cruise was assumed for high altitude operation, choosing 
instead constant 30,000 ft. altitude cruise at 0.80 Mach number. For low 
altitude (15,000 ft.) cruise, the DC-9-30 placard speed (350 knots) was 
chosen to demonstrate maximum high speed operation. All climb and descent 
speeds are for a DC-9 airplane. No speed schedule optimization was attempt- 
ed to account for the effects of the supercritical wing or the turboshaft 
propulsion system. 

Performance assumptions were made to accommodate the available turboshaft 
engine da .a. The warmup, taxi and takeoff fuel allowances for the basic 
DC-9-30 were used for all configurations. Idle descent fuel flows for all 
configurations were based on the fuel rate to produce zero net thrust. The 
performance comparisons in Sections 6.5 and 6.6 are based on the initial 
choice of a 720 fps rotational tip speed for the propfan, which resulted in 
a propeller efficiency of 0.73 and an installed cruise TSFC of 0.65 lb/lb/hr. 
In Section 6.7 the sensitivity of aircraft performance to propfan efficiency 
levels will be examined. 
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6.5 Payload-Range Comparisons 

In Figure 118 the DC-9-30D4, D5, and D6 payload-range capabilities are 
compared to that of the basic DC-9-30. This figure illustrates the effects 
on range of changes in aerodynamics and propulsion technologies. 

Range performance with the supercritical wing was attained with outer wing 
fuel tanks only, while both center section and outer wing fuel tanks were 
used on the basic DC-9 wing. This results in approximately 3.2 percent less 
fuel in the supercritical wing when compared to the basic DC-9 wing. 

The passenger payload is based on 200 pounds per passenger, including 
baggage. The DC-9 type aircraft becomes fuel limited at payloads greater 

than the maximum passenger payload capacity. 

When the aircraft are not fuel limited, the supercritical wing increases 
turbofan and turboprop range capability by 9 to 12 percent. For conditions 
when the aircraft are fuel limited, the range capability is increased by only 
7 to 8 percent, as a result of the reduced fuel capacity of the smaller 
supercritical wings. 

Compared to the turbofan, the propfan with either wing increases range 
21 to 24 percent when the aircraft is not fuel volume limited, and 40 to 43 
percent at payload-range points that are fuel capacity limited. 

f . 6 Block Fuel Comparisons 

Figures 119 and 120 show block fuel versus range for the study aircraft at 
a typical long stage length cruise condition (30,000 ft. at 0.80 Mach) and 
at a typical short stage length cruise condition (15,000 ft. at 0.70 Mach). 
These figures demonstrate tk superiority of the propfan over the turbofan, 
with either wing, at both cruise conditions. 

Figure 121 shows the fuel savings due to the advanced supercritical wing, 
the propfan propulsion system, and the combination of both. The improvement 
due to the wing increases as range increases, for either propulsion system, 
from 6 to 9 percent at high altitude cruise and from 3 to 5 percent at low 

altitude cruise. 
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AIRCRAFT 

DC-9-30 

DC-9-30D4 

0C-9-30D5 

DC-9-30D6 


PAYLOAD 
(1000 LB) 


I 


DC-9-32 TURBOFAN, PROPFAN AND SCW DERIVATIVES 
CRUISE CONDITIONS: Alt = 30,000 Ft, M = .8 


WING 

POWERPLANT 

OEW 

WING 

AREA 

ASPECT 

RATIO 

SWEEP 

DC-9 

JT8D-7 

57,900 

1,001 

8.7 

24.5 

SCW 

UT8D-7 

58,080 

900 

10.2 

30.5 

DC-9 

STS476 PROPFAN 

61 ,220 

1 ,001 

8.7 

24.5 

SCW 

STS476 PROPFAN 

61 ,400 

900 

10.2 

30.5 



FIGURE 118. PROPFAN PAYLOAD-RANGE COMPARISONS 
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FIGURE 119 BLOCK FUEL COMPARISON OF DC-9-30 TURBOFAN, PROPFAN AND SCU DERIVATIVES 

30,000 FT CRUISE ALTITUDE 


/ 


248 




















block fuel savings (%) 


30,000 FT 


(a) Fuel Savings due to Advanced 
Supercritical Wing with either 
Propfan or Turbofan Propulsion 




RANGE (100 NM) 

FIGURE 121. COMPARISON OF BLOCK FUEL SAVINGS 




As shown in Tables 84 and 85, the propfan aircraft have a much shorter climb 
distance than the turbofan aircraft. For example, on a 1,250 nautical mile 
flight with a cruise altitude of 30,000 ft., the DC-9-30D5 reaches cruise 
altitude 102.7 - 54.6 = 48.1 nautical miles before the DC-9-30. At short 
ranges, a major part of the DC-9-30 flight profile involves climb. Since 
the specific range of the propfan aircraft in cruise is far greater than 
the specific range of the turbofan aircraft in climb, the propfan fuel 
savings at short ranges are very high, as is shown in Figures 121b and 12ic. 

For the cruise segments, the propfan specific ranges are higher than the 
turbofan specific ranges; but the propfan advantage in cruise is less than 
in the 48. 1 -nautical mile region, where only the propfan is in cruise while 
the turbofan is still climbing. Consequently, the propfan fuel savings, 
shown in Figure 121b, decreases as range increases from 27 to 23 percent 
at high altitude cruise and from 30 to 25 percent at low altitude cruise. 

6.7 Effect of Improved Propulsive Efficiency 

As initially selected, with a static tip speed of 720 fps, the propfan 
developed a propeller efficiency of 0.73, resulting in an installed TSFC 
of approximately 0.65 lb/lb/hr at cruise. This propfan design point was 
chosen because of noise considerations. However, a higher tip speed would 
improve efficiency. For example, an 8-bladed propfan with an 800 fps tip 
speed would have a propeller efficiency of 0.80 and an installed TSFC of. 
approximately 0.59 lb/lb/hr at cruise. Furthermore, the latest information 
from engine manufacturers predicts a 10 percent improvement in turboshaft 
engine performance, which would result in an installed TSFC of 0,53 with 
the higher efficiency propeller. 

Figure 122 shows the effect of a decrease in TSFC from 0.65 to 0.53 on the 
payload-range envelope of the DC-9-30D5. At 58 percent load factor, the 
range improvement over the DC-9-30 increases from 41 percent to 73 percent. 
Figure 123 shows the effect of the lower TSFC on fuel savings. At an average 
range of 290 nautical miles, fuel savings increase from 27 to 33 percent. 
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TABLE 84 


SPECIFIC RANGE FOR FLIGHT WITH 15,000 FT CRUISE ALTITUDE 


AIRCRAFT 

Cl TRUT 

DISTANCE/FUEL = SPECIFIC RANGE (NM/LB) 

rLlUnl — 

SEGMENT 

100 NM 

600 NM 

DC-9-30 

Climb 

25.6/994 = 0.026 

29.1/1133 = 

(TF.CW) 

Cruise 

31.3/533 = 0.059 

527.8/9372 = 


Descent 

43.1/603 = 0.071 

43.1/603 


Total 

100.0/2130 = 0.047 

600.0/11108 = 

DC-9-30D4 

Climb 

1 

1 

24.2/945 = 0.026 

27.6/1077 = 

(TF,SCW) 

Cruise 

29.6/494 = 0.060 

526.2/8815 = 


Descent 

46.2/628 = 0.074 

46.2/628 


Total 

100.0/2067 = 0.048 

600.0/10520 = 

DC-9-30D5 

Climb 

14.7/537 = 0.027 

16.2/591 

(TP,CU) 

Cruise 

46.9/631 = 0.074 

545.4/7361 = 


Descent 

38.4/323 = 0.119 

38.4/323 


Total 

100.0/1491 = 0.067 

600.0/8275 * 

DC-9-30D6 

Climb 

14.3/524 = 0.027 

15.7/575 

(TP , SOW) 

Cruise 

45.0/574 = 0.078 

543.6/6960 = 


Descent 

40.7/335 = 0.121 

40.7/335 


Total 

100.0/1433 = 0.070 

600.0/7870 


0.026 | 

0.056 

0.071 

0.054 

0.026 

0.060 

0.074 

0.057 

0.027 

0.074 

0.119 

0.073 

0.027 

0.078 

0.121 

0.076 



TABLE 85 


SPECIFIC RANGE FOR FLIGHT WITH 30,000 FT CRUISE ALTITUDE 


AIRCRAFT 

FLIGHT 

SEGMENT 

nT^TANCF/FUEL = SPECIFIC RANGE (NM/LB) 

290 MM 

1250 NM 

DC-9-30 

Climb 

81.4/2153 = 0.038 

102.7/2680 = 0.038 

(TF ,CW) 

Cruise 

113.4/1406 = 0.081 

1052.1/13499 = 0.078 


Descent 

95.2/996 = 0.096 

95.2/996 = 0.096 


Total 

! 290.0/4555 = 0.064 

| 1250.0/17175 = 0.073 


DC-9-30D4 
{TF ,SCW) 


DC-9-30D5 
(TP ,CW) 


DC-9-30D6 
(TP, SCW) 

; 

i 


Climb 

Cruise 

Descent 

Total 

Cl imb 

Cruise 

Descent 

Total 

Climb 

Cruise 

Descent 

Total 



i 


73.6/1977 = 

0.037 | 

l 

115.9/1303 = 

0.089 | 

100.5/1004 = 

0.100 | 
i 
| 

290.0/4284 = 

0.068 | 
i 

i 

46.7/1166 = 

* 

0.040 | 

154.3/1522 = 

0.101 j 

89.0/641 

0.139 

290.0/3329 - 

0.087 

44.0/1110 = 

0.040 

152.8/1375 = 

0.111 ! 

i 

i 

93.2/641 

0.145 j 

290.0/3126 = 

0.093 ' 


89.5/2383 = 

0.038 ! 
( 

1060.0/12172 = 

0.087 i 

100.5/1004 = 

0.100 

1250.0/15559 = 

0.080 

54.6/1353 = 

0.040 

1106.4/11179 = 

0.099 

89.0/641 

0.139 

1250.0/13173 = 

0.095 

50.5/1267 = 

0.040 

1106.3/10107 = 

0.109 

93.2/641 

0.145 

1250.0/12015 = 

0.10' 
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FIGURE 122. EFFECT OF TSFC ON PROPFAN PAYLOAD - RANGE ENVELOPE 
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The advantage of a lower tip speed is in reduced noise levels. Using 
Reference 22, a preliminary acoustic analysis of 8-bladed propfans was 
conducted, which compared a propfan operating at a tip speed of 800 fps to 
the study configuration with a 720 fps tip speed. The noise level (OASPL) 
of the 720 fps study configuration was approximately 5 to 7 dB lower at 
the outer fuselage wall. Therefore, the study configuration results in 
considerable noise insulation weight savings, which could partially offset 
the reduced efficiency of the quieter propfan. 

The selection of an optimum propfan installation for a given airframe consists 
of a detailed study of propfan design parameters and the concurrent effect 
of propfan spanwise location on interior noise, tail size, weight, and 
drag. The design of an optimum propfan aircraft for a set of mission-payload 
performance requirements is a more detailed study involving the propfan design 
parameters together with airframe and configuration variables. 
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SECTION 7.0 

CONCLUSIONS AND RECOMMENDATIONS 
7.1 Technology Conclusions 

Actual aircraft seat-mile fuel efficiency is an average of 30.2 percent below 
the engineering values derived for ideal conditions at the 1073 CAB average 
stage length. Differences in actual values are caused by greater air holding 
and ground delay times, clearances to non-optimum altitudes, winds, high 
temperatures, engine and airframe deterioration, and excess fuel loads. 

The results of the study of various fuel-saving options are summarized in 
Table 86. The column giving the range of possible fuel savings shows that 
opportunities for fuel savings vary widely from aircraft to aircraft. For a 
given option, the low value corresponds to the lowest fuel saving for any 
aircraft, and the high value corresponds to the qreatest saving for any 
aircraft. For example, the minimum benefit for fuel -conservative flight 
operations in the current ATC system is approximately four percent for the 
DC-8-50, as shown in Table 15. In an advanced ATC system the maximum benefit 
is about 11 percent for the DC-1T-40. Thus, the ranoe shown in Table 86 is 

4 to 11 percent. 

The estimated maximum fleetwide near-term fuel-saving potential was derived 
for each option by assuming that the option is fully implemented in all air- 
craft, as qualified below. While the near-term period extends to the early 
to mid-1980's, no fleet projections are included in these estimates. The 
maximum fleetwide potential for each option was estimated by weightin' 3 the 
nercent fuel savings for each aircraft type by its total yearly fuel use for 
1974, as given in Table 2. The resulting estimates show the relative effect 
of each option in the fleet, but are not a substitute for the extensive fleet 
analysis given in Volume II. Also note that the results for the various 
options are usually not additive, since the same baseline aircraft are 
involved in each option. 

Fuel -conservative operating procedures offer a sinnificant and immediate 
potential for fuel savings. In the current ATC system, the different base- 
line aircraft could achieve fuel savings of 4 to 8 percent by means of 
long-range flight profiles instead of hiah-speed profiles. In an advanced 
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ATC system, allowing 4-D RNAV and 2,000 ft. steps or cruise climb, these fuel 
savings would increase to 8 to 11 percent. Thus, the range of possible fuel 
savings for fuel-conservative flight operations is 4 to 11 percent. However, 
the advanced ATC system is a far term option. Consequently, the maximum 
fleetwide near-term potential for fuel savings from improved flight operations 
is only about 6 percent, relative to early 1973 fuel consumption levels. 

Direct operating costs for fuel-conservative flight operations in the current 
ATC system are generally higher than for the baseline flight profiles because 
of the increased block times associated with long-range flight profiles. 

Direct operating costs for fuel -conservative flight operations in an advanced 
ATC system are generally lower than for the baseline operations because the 
reduced delay time compensates for the increased block times associated with 
long-range flight profiles. 

Increased seating density would improve seat-mile fuel economy by 5 to 13 
percent, depending on the airplane and the extent of its interior modifica- 
tion. An increase in average load factor from 58 to 65 percent would improve 
passenger-mile fuel economy by 9 to 11 percent. Thus, the range of possible 
fuel savings by means of changes in airline operations is 5 to 13 percent. 
However, airline seating density and load factor values are functions of 
passenger acceptance and marketing strategy, rather than technical factors. 

As a result, no technical estimate has been made of the maximum near-term 
potential for fuel savings from these options. 

Seat-mile direct operating costs are improved 5 to 14 percent by increased 
seating density. Increased load factor improves passenger-ni le operating 
costs by 10 to 12 percent. 

Combinations of fuel-saving operations are possible in the far term which 
together give fuel savings as high as 30.5 percent. This high figure 
requires an advanced ATC system, an increase in load factor from 58 to 65 
percent, and high density seating. Thus, operational changes could possibly 
yield fuel savings of approximately 4 to 30 percent, depending on the air- 
craft and the operating options implemented. However, the probable near-tern, 
potential for operational fuel savings is only a little more than 6 percent, 
primarily from reductions in cruise speed. Some of this improvement has 
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already been implemented by the airlines. 

Aircraft design modifications offer significant potential for near-term fuel 
savings. On a percentage basis, drag and SFC reductions are approximately 
twice as effective as weight reductions in improving fuel consumption. 

The fuel savings for study retrofit modifications range from 4 percent for 
DC-9 retrofits with aerodynamic improvements, to approximately 28 percent 
for the DC-8-20R with new JT8D-209 engines and aerodynamic improvements. 
However, considering the small number and limited remaining lifetime of the 
DC -8 aircraft in the domestic fleet, expensive DC-8 engine retrofits appear 
to be an unlikely option, and aerodynamic modifications offer more fleetwide 
potential for fuel savings. Thus, the probable maximum fleetwide near-term 
fuel savings, by means of retrofit modifications, is about 6 percent. 

Production modifications could result in 10 percent fuel savings for the 
DC-10. Nevertheless, the maximum fleetwide near-term potential for fuel 
savings, by means of both retrofit and production modifications, is still 
approximately 6 percent. 

Direct operating costs for retrofit and production modifications are generally 
higher than for the baseline aircraft. However, at highei fuel prices the 
DOC's for DC-10 aircraft with aerodynamic retrofits are lower than DC-10 
baseline DOC's. 

Derivative designs show more fuel-saving potential than either retrofit or 
production modifications. The study derivatives use from 5 to 28 percent 
less fuel per seat-mile than the airplanes they would replace. The stretched 
derivative airplanes show a substantial seat-mile fuel use reduction, 
ranging from approximately 20 percent for the DC-9-30D1 to 28 percent for 
the DC-10-40D . The supercritical wing on the DC-9-30D3 reduces fuel use by 
about 5 percent. The DC-10-10D uses about 3 percent less fuel per seat-mile 
than the baseline DC-10-10, and about 19 percent less fuel per seat-mile 
than the baseline DC-8-61. Assuming that the DC-10-10D replaces the DC-8s, 
the DC-9-30D2 replaces the DC-S-30, and the DC-1D-40D replaces the DC-10-40, 
the maximum fleetwide near-term potential for fuel savings by introducing 
derivative aircraft is 18 percent. 
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At a fuel price of 30 cents per gallon, seat-mile DOC's for the stretched 

a o it nprrent relative to the study baselines, 
airplanes are improved 8 to 11 percent, 

primarily due to the increased number of seats. Seat-mile DOC 
supercritical wing DC-9-30D3 are reduced 0.3 percent at 30 cents per ga on 

and 1.5 percent at 60 cents per gallon, relative to the DC-9-30. Due to e 

decreased number of seats, the DC-10-100 seat-mile DOC's are a out la percent 

, -i • in in to cents per qallon and 10 percent 

higher than the baseline DC-10-1U at ju cents, y 

higher at 60 cents per gallon. 

The new near-term aircraft would substantially reduce seat mile fuel use due 
to the higher design fuel prices and the incorporation of current technologies. 
A H -new aircraft designed for a 1980 introduction date would be approximately 
20 percent more fuel -efficient than current narrow-body aircraft and aoou 

10 percent more fuel -efficient than current wide-body aircraft. Based on 

deetwide replacement of narrow-body and wide-body aircraft with new near- er 
aircraft, the maximum overall near-term potential for fuel savings is about 
,7 percent. However, the introduction of these new aircraft would ,n act 
be too close to the introduction of the current wide-body aircraft and their 
derivatives to actually make any significant impact in the near term. 

The optimization of aircraft for minimum DOC at high fuel prices, or for 
minimum fuel use, results in lower cruise Mach numbers and wings o J 
large span. However, reducing aspect ratio about two points from the opti-.um 
increases DOC's and fuel use only about 1 percent. 

Aircraft optimized for minimum fuel use actually save very little more fuel 
than aircraft optimized for minimum DOC at 60 cents sallon. H°we»er 
DOC's for the minimum fuel airplanes are substantially higher than 
for aircraft optimized for minimum DOC at 60 cents per gallon. 

The new near-term aircraft generally meet or are close to FAR 36 -10 sideline 
and takeoff noise levels. Approach noise levels do not meet e - 
goal, but improve with increasing design fuel price. Noise contour are, 
the N80-2.30 family, with four CFM-56 type engines, were the lowest. • 
contour areas are primarily affected by payload-range capability, • ^ ^ 
mildly affected by the optimization parameters. Nevertheless, it is - 
energy conservative aircraft desirn is not in conflict with the desire 

low noise. 
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The DC-9-30 propfan is included in Table 86 for completeness, even thouqh 
it is more appropriately a far-term option. Dependino on the assumed pro- 
pulsive efficiency, the derivative propfan uses from 27 to 33 percent less 
fuel than the DC-9-30 at its average stage length of 290 nautical miles. 
Replacement of the entire domestic fleet with propfan ajpaft would reduce 
air transport fuel consumption by approximately 30 per^p 

7.2 Research and Technology Recommendations 



• Expand the study of fuel -conservati ve flight operation? to include 
all aircraft types in the domestic fleet, and to include a wider 
scoDe of operational variations. The study results snould be 
specific to each airline's market, fleet, and schedule. 


• Study the costs and benefits of optimum cruise control, which 

would allow an aircraft to accurately follow a minimum-fuel flight 
profile within the mission and ATC system constraints. 


• Perform an ATC system study in order to inontify wavs to reduce 
the constraints on minimum-fuel flight profiles. 


• Continue the study and testing of winolets as a possible means of 
reducing the wing spans of future new transports designed for 
minimum DOC at hiah fuel prices. 

• Study folding wing tips as an alternative approach for reducing 
wing spans in the airport terminal area. 

t Continue the theoretical and experimental development of supercritical 
airfoil technology and three-dimensional applications. 

• Study the contouring of aircraft surfaces to achieve more extensive 
natural laminar flow. 

• Continue studies of active controls technology, including the use rf 
active controls on derivatives of in-production aircraft. 

• Study aeroel asti c effects on the weight of very hiqh aspect ratio 
transport wings . 
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• Demonstrate the full scale use of composite primary structure in 
transport aircraft, 

• Conduct studies to improve the integration of high-bypass-ratio 
turbofan powerplants with airframes. 

9 Develop a broader spectrum of study engines for propfan applications. 

« Conduct tests to verify theoretical propfan efficiency and noise 
levels. 

9 Study the effects of the propfan slipstream on airframe aerodynamics 
and also on noise and vibration in tail surfaces and the aft fuselage 

9 Investigate propfan aircraft flight profiles, including td’.'eoff 
performance and the effects of cruise altitude and Mach number on 

fuel use. 
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